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1.1 History of limb-saviTig surgeiy 
Before World War II, amputation was the primary choice of surgical 
treatment in musculoskeletal oncology. This treatment was based on the 
observation that resections were followed by a high rate of local recurrence 
and high mortality (3,4). The development of megaprostheses and the use 
of allografts for reconstructing large defects after musculoskeletal surgery 
around the knee, hip and pelvis initiated a new form of treatment: limb 
salvage (11,12,13,14,21). However, as part of limb-saving surgery, these types 
of reconstructions would never have reached the current state of the art if 
there had not also been enormous improvements in anaesthesiology, 
pathology, and medical oncology (18,19, 20, 25, 26) Furthermore, the 
evolution of skeletal scintigraphy, computed tomography, nuclear magnetic 
resonance (1, 9,10, 27) and the improvement of cryosurgery (22-24) have 
also helped to create the situation as it is today a vast majority of patients 
can nowadays be treated with limb-saving surgery. 
1.2 The aim of limb-saving surgery 
The aim of limb salvage in musculoskeletal oncology is optimum restoration 
of the functional integrity of patients with malignant tumors of bone or 
soft tissue by a combination of surgery and adjuvant therapy, without 
having to resort to mutilating procedures. All methods that avoid amputation, 
disarticulation or external hemipelvectomy, and do not compromise the 
oncological results, can be used to achieve the aim of limb salvage. Hence, 
limb-saving surgery should not only pursue good oncological and functional 
results, but should also focus on realising a good psychological outcome m 
terms of life quality (30). Not all patients with a malignant tumor of the 
bone or soft tissue can be treated with limb salvage. First of all, the tumor 
must be located in the axial skeleton or m the extremities. Secondly, optimal 
oncological surgical margins must be feasible.This is only possible when 
there is a moderate soft-tissue extension. Furthermore, metastases should 
either be absent or amenable to optimal adjuvant treatment 
1.3 Functional outcome in limb-saving surgery 
Optimum care of this particular patient group does not end with the regular 
evaluation of the tumor status and the fitt ing of the endoprosthesis to bone 
Table i.i 
Functional score according to the MSTS system. Pain,fiinction and emotional 
acceptance are criteria for both the upper and lower extremities. Supports, walking 
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Questions aimed at the functionality of the surgical treatment outcome 
are important. In our department several authors rated musculoskeletal 
tumor patients on the basis of the Musculoskeletal-Tumor-Society (MSTS) 
scoring system (Table i.i) They included, among others, patients with giant-
cell tumor, chondrosarcoma, Ewmg's Sarcoma, osteosarcoma and synovial 
cell sarcoma. 
The MSTS score for giant-cell tumor patients is relatively low. Giant-cell 
tumor of bone is a challenging surgical problem due to its aggressive 
growth, its tendency to recur locally and - m rare instances - to develop 
pulmonary metastases, and its potential to dedifferentiate into a frankly 
malignant tumor m a limited number of patients The tumor is treated m 
many different ways because of the difficulties in finding a type of treatment 
which combines optimal oncological outcome with the best functional results 
In a recent study, twenty-three patients were treated with mtralesional 
excision and local adjuvant therapy, and eleven patients with extra-lesional 
excision In these patients seven local tumor recurrences (30%) were 
encountered after mtralesional procedures (2) Intralesional excision with 
local adjuvant therapy resulted in significantly better functional results 
compared to extra-lesional excision Wide excision was associated with a poor 
functional outcome and marginal excision with a good functional outcome 
The results m chondrosarcoma, Ewmg sarcoma, and osteosarcoma patients 
were more or less the same A review of patients with chondrosarcoma of 
bone was performed m order to evaluate the functional results (29, van der 
Geest et al, m press, 2002) The tumors were located m the pelvis, distal 
femur and proximal tibia Amputations were performed as well as en-bloc 
resections An uncontaminated radical or wide surgical margin was achieved 
in 13 cases Although the functional results after limb salvage and amputation 
m patients with chondrosarcoma of the limbs were good, the outcome was 
better after limb-saving surgery Due to surgical inaccessibility, the results 
of pelvic chondrosarcoma management were poor The MSTS ratings ranged 
from poor to excellent In their daily lives, the patients experienced problems 
as a result of fatigue and physical dysfunction 
Another study described 29 patients with Ewmg's sarcoma of bone (15) 
Treatment consisted of chemotherapy in combination with surgery and/or 
radiotherapy Five patients underwent an mtra-lesional excision, four of 
them died as a result of the disease Twelve patients underwent a wide 
excision, there was no evidence of disease m any of them Three patients 
underwent a radical disarticulation, all died of disease The figures for disease 
free survival were 66% at 1 syears and 55% at five years In all cases of femoral 
bone tumor, wide excision and reconstruction led to good functional results 
In order to evaluate the oncological and functional results of the treatment 
of patients with synovial cell sarcoma, van der Heide et al performed a 
retrospective review of 20 patients (28) In 16 of these patients the tumor 
was located m the lower extremity or the pelvis One patient developed a 
recurrent tumor and another nodal metastases. Eight patients who did not 
have metastases at the time of diagnosis developed metastases during 
follow-up Fourteen patients died of metastasis located in other parts of 
the body, and in four there was no evidence of disease. In this group only 
five out of twenty patients survived and entered the study Eventually, the 
outcome was poor, especially due to the occurrence of metastases 
However, according to the MSTS score, the functional results in the survivors 
were good to excellent. 
Another study evaluated the functional results and complications after 
several limb-saving and ablative treatments (17) The functional results 
after limb-saving were significantly better compared to those after ablative 
surgery. However, complications were encountered more often after limb 
salvage procedures and endoprosthetic reconstructions than after ablative 
procedures. These complications were mainly observed in tumors around 
the knee joint. Unfortunately, m some patients, amputation had to be 
performed instead of endoprosthetic reconstruction Hip reconstructions 
after tumor resection were successful in patients treated with surgery and 
chemotherapy In patients treated with surgery and radiotherapy, however, 
the results were rather poor. 
In addition to the evaluation based on different tumor types, there are a 
number of studies that referto different surgical procedures. The saddle 
prosthesis study, for example, is interesting because it presents a summation 
of relative contra-indications. Functional results were evaluated at several 
postoperative intervals m 15 patients treated with internal hemipelvectomy 
and reconstruction with saddle prosthesis for periacetabular malignancy. 
Three relative contraindications for reconstruction with saddle prosthesis 
could be assessed, osteoporosis, extended tumor involvement of the ihac-
wmg, and insufficient soft-tissue quality. Taking the above-mentioned 
contraindications into consideration, the short-term functional results after 
reconstruction with saddle prosthesis were satisfactory (16). 
The outcomes of various limb-saving treatment modalities for pelvic-girdle 
sarcoma remain controversial. For patients with locally advanced pelvic-
girdle sarcoma, who are unable to undergo internal hemipelvectomy, the 
prognoses are worse than for patients who are able to undergo internal 
hemipelvectomy. The functional evaluation on the basis of the MSTS score 
varied between poor and good after partial internal hemipelvectomy followed 
by reconstruction. In contrast the MSTS score was good or excellent after 
internal hemipelvectomy without prosthesis reconstruction Internal 
hemipelvectomy is not attended by an increased risk of local failure, but by 
long-term local complications, requiring extensive surgical procedures (7) 
The specific long-term consequences of endoprosthetic reconstructions for 
the patient's affected limb were studied by Ham et al (8) The oncological 
results and the survival of the endoprostheses have been reviewed m 32 
patients with primary bone sarcoma of the femur or proximal tibia 
A proximal femoral endoprosthesis, a distal femoral endoprosthesis and a 
proximal tibial endoprosthesis were used for reconstruction The overall 
endoprosthetic survival rate was 87% at five years, 80% at ten years, and 
56% at fifteen years Median follow-up of the original endoprostheses was 
8 3 years (range, 06 to 18 7years) Endoprosthetic-related complications 
occurred m 13 patients (41%), most complications were mechanical failures 
The highest complication rate was found in distal femoral replacements 
(60%) Five endoprostheses (16%) were revised An amputation of the involved 
limb was performed m four patients (13%) m two patients because of local 
recurrence and m the other two patients because of infection For patients 
alive at follow-up, the median MSTS score was good (ranged 12 to 28), with 
the highest functional scores for patients with a distal femoral endoprosthesis, 
and the lowest for patients with total or push-through femoral replacements 
Endoprosthetic reconstructions gave satisfying functional results m most 
patients, even after long-term survival However, the proximal tibial and 
distal femoral endoprostheses were particularly at risk for long-term 
endoprosthetic complications, often requiring additional surgical procedures 
On the basis of these studies one may conclude that first of all the overall 
functional results are rather good when evaluated using the MSTS score 
The prosthesis' survival m years seems to improve over the years, due to 
better surgical techniques and more sophisticated prostheses In spite of 
these conclusions, there still remain a number of questions concerning the 
functional outcome of limb-saving surgery The MSTS score gives a good, 
overall impression of a patient's function Since this score is determined by 
the surgeon, there is a need for a questionnaire in which individual 
patients can give their opinion on daily functioning The Toronto Extremity 
Salvage Score (TESS) is a valid tool designed to evaluate the physical disability 
of patients with limb salvage (5) A recent study evaluated the prediction of 
tumor and treatment variables of patients treated with limb preservation 
surgery for lower-extremity soft tissue sarcomas Large tumor size, bone 
resection, motor nerve resection, and complications were predictive of 
lower MSTS scores. Patients with large, high-grade tumors who required 
motor nerve resection were more disabled, as reflected by lower TES5 scores. 
Only age and prior surgery were adverse predictors. The results in this 
study demonstrate that different factors are predictive of different patient 
outcomes, specifically impairment, disability, and general health status It is 
important to define function when counselling patients regarding their 
potential recovery based on tumor and treatment-related variables (6). 
1.4 Further research 
Although the above mentioned tests may reflect the opinion of the physician 
and the patient, they are both not very specific for the assessment of basic 
locomotor actions such as standing and walking.These tests are not able 
to answer very specific questions as to how these patients stand and walk, 
which compensatory mechanisms they use, and how the performance can 
be improved. To answer the above questions, it is necessary to enrol these 
types of patients m studies that are specifically focused on standing and 
walking. Furthermore, it is also important to study perturbed standing and 
walking, because this will give more insight into the adaptations and 
compensations of the movement control systems after limb-saving surgery. 
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This thesis focuses on the assessment of functional recovery after limb-
saving surgery. This is important since one of the aims of limb-saving is the 
restoration of patients' functions. In clinical practice, evaluation of motor 
functions generally takes place on the basis of visual observation, mostly 
by using clinical tests and/or scales. Furthermore, the majority of these 
tests focus on the disease or organ level. However, these observations suffer 
from low reliability and sensitivity (40,44,60). The functional evaluation as 
used by the Musculoskeletal Tumor Society (MSTS) suffers from similar short-
comings. In the MSTS evaluation, items such as pain, emotional acceptance 
and functional abilities are rated in the same way as the use of supports, 
walking ability and observed gait. Although the outcome of this evaluation 
system may say something about the patient's functioning, it is neither 
sensitive nor specific, which makes it difficult to measure functional recovery. 
Hence, a clear need exists for other, more reliable, valid and sensitive procedures 
for the assessment of standing and walking skills of patients after limb-
saving surgery These assessment procedures should focus on the functional 
level and should have predictive power for daily life functioning. 
The development of such procedures, however, requires a theoretical frame-
work of human motor behaviour. Such a framework must be based on 
modern insights in human movement control and should be sensitive to 
the motor problems that remain after limb-saving surgery. In this respect, 
it is important to realise that the control system has to adapt to enormous 
changes after resection of a tumor and prosthetic reconstruction of the 
leg Indeed, the ensemble of sensory information to the brain has been 
dramatically altered, creating a totally new control situation which gradually 
has to be mastered over time. 
All the patients mentioned in this thesis suffered from a malignant bone or 
soft tissue tumor m the leg, pelvis, or proximal or distal femur. To realise an 
optimal oncological resection, the tumor had to be resected with wide 
margins (preferably 3 cm to the bone and 1 cm to the soft tissues).This wide 
resection leads to partial resection of the muscles that are involved in the 
tumor process or attached to the tumor, combined with total resection of 
the knee or hip joint, or hemipelvectomy. The defect is remedied with a 
custom-made tumor prosthesis replacing the joint. If possible, the remaining 
muscles will be reattached to the prosthesis as anatomically as possible. 
As some of the muscles are partially resected, this is not always possible 
In that case they are attached m a non-anatomical way For example, when 
the knee is involved, the vastus medialis and lateralis are partially removed. 
In cases where the hip is involved, the adductor and abductor muscles are 
partially removed, sometimes combined with a resection of the vastus 
lateralis. When, for example, a large part of the flexor system of the knee is 
removed, some of the extensors are transposed towards the flexor system 
to give the extensor system some support. After surgery, the patients are 
generally suffering a partial loss of proprioceptive input, due to the joint 
replacement Furthermore, they suffer a partial loss of motor ability due to 
the muscle resection. Since the patients can no longer trust the proprioceptive 
channel, they have to reorganise their movement control in order to keep 
the motor output optimal. Despite the damage to the musculoskeletal system, 
there is usually some functional recovery. It must be said, however, that the 
intra-individual variability is high. 
So far, little is known about the determinants of functional recovery after 
limb-saving surgery. To gam more insight into the impact of limb-saving 
surgery it is important to know what the contribution of several systems is 
to motor control. The mam systems involved in the control of movements 
will be outlined in this thesis. Secondly, it is important to gam some insight 
into how the control system changes during recovery time and how these 
changes can be measured. 
2.2 The essentials of movemeiit control 
The movement control system is strongly dependent on information from 
the environment, as well as on information about body-related aspects 
Important input systems are the visual system, the vestibular system and 
the kinesthetic or proprioceptive system. All this continuously changing 
information has to be processed 'on-line' by the central nervous system. 
For the muscle systems, the result can either facilitates or inhibits the creation 
of a 'symphony' of goal-directed movements. One should bear m mind 
that the processing is not at all conscious, but generally the result of 
synergistic or reflex activity 
In spite of the automation of many control aspects, not all control is 
'mindless'. Indeed, the selection of information is based on prior experience 
with similar tasks, and the performance of novel or complex tasks in particular 
requires attentional effort and conscious control (3, 30,35,36, 39,41,46, 51, 
61, and 68). In other words, cognitive processes are involved m the control 
of movements. 
2.2.1 Input systems: the role of vision in the control of posture and gait 
Much of our knowledge of the external world is derived from visual input, 
which plays an essential role in guiding movements. In general, the visual 
system supplies information about the orientation and movements of 
body parts, the position of the body in relation to the environment, and the 
organisation and relevant features of the external environment. In spite of 
the importance of the visual system, we do not need to monitor the 
performance of all our motor acts continuously Intermittent sampling of 
the body in relation to the environment is sufficient for an adequate 
control of locomotion (4) Identification and avoidance of potential threats 
to stability are generally based on visual information. Vision allows us to 
anticipate obstacles ahead and to take appropriate action before reaching 
them.These avoidance strategies may include changing direction or 
adaptation of foot placement by modulating step length and step width, 
and increased raising of the foot (29, 53-58). 
The visual system in limb-saving surgery patients is intact or has at 
least not changed. It can play an important role m the guidance of their 
movements. 
2.2.2 Input systems: The vestibular system 
The vestibular system plays an important role in the postural control of 
locomotion in that it supplies information about the angular acceleration 
and deceleration, and velocity of the head as well as the orientation of the 
head with reference to gravity (5,12) Movements of the head, either 
produced by locomotive movements or actively controlled in order to scan the 
environment, hardly interfere with the normal stepping movements (15,16). 
2.2.3 Input systems: the kinesthetic system 
As part of the kinesthetic system, the proprioceptive system includes the 
receptors m joints and muscles that respond to movements of the body 
segments, regardless whether these movements are active or passive. 
Within this system several receptors can signal joint position and movement, 
the relative orientation of body parts, muscle tension, orientation of support 
surfaces, and body orientation with reference to the support surface. 
Research indicates a prominent role for muscle receptors (spindles) in the 
detection of joint movement and position, while joint afférents are important 
for detecting movements that are near the end range of a joint (31) 
Input from the skin is also important. The various skin areas of the foot are 
well suited for providing specific tactile information about events that are 
encountered during gait. Reflexes are thought to contribute to the 
processing of such information, since an electrical stimulus at a tactile, 
non-nociceptive intensity applied at cutaneous nerves supplying the skin 
of the foot evokes responses at about 80 ms, which are specifically controlled 
according to the phase of the step cycle, the muscle and the leg in which 
they occur (19, 25, 26, 64, 66, 67). These reflexes are relatively fast and 
therefore form a first line of defence against unexpected perturbations (13) 
This type of cutaneous and proprioceptive reflexes provides appropriate 
responses to perturbations.They are, for example, responsible for stumbling 
reactions (6,10,14,16,19 - 28,63). 
The same type of afférents is also important for the control of standing. 
One important question regarding postural perturbations refers to the 
origin of the postural reflex input. At first, it was believed that the input 
from ankle extensors played a specific role in triggering human balance 
corrections (47-50). However, recent findings suggest that trunk or hip 
inputs may be more important than ankle input and that particularly 
proprioceptive input from the lower legs is involved in the final shaping 
and intermuscular coordination of posture (1). Evidence for this comes from 
the observation that these responses are maintained m the absence of 
lower limb sensation (8, 9). 
What does all this mean for patients who underwent limb-saving surgery? 
Due to the joint replacement, the receptors m the joint and the joint 
ligaments are absent. Information about the joint position and 
movement and the relation of the joint to other body parts is therefore not 
supplied. Furthermore, the proprioceptive reflexes can be damaged in two 
ways. First, it is suggested that hip and knee play an important role in 
providing reflex activity or rhythmic activity. Secondly, for reflex activity, 
normal muscles are needed. The fact that the kinesthetic system is 
damaged due to limb-saving surgery may cause problems for the patients 
when reacting to perturbations of standing and gait. 
2.2.4 The output system: the motor system 
Moving requires energy, although it must be said that, due to the morphology 
of the body, the energy costs are low. The relative mass distribution assists 
in reducing energy costs: large mass muscles are concentrated around the 
proximal joints, thereby reducing the moment of inertia, resulting in lower 
energy requirements It has been argued that elasticity in various tissues 
provides storage capabilities m one phase, which can be used in a later 
phase of the step cycle, thereby reducing energy costs (2). 
Muscles provide a unique power-to-weight ratio. The force output of the 
muscle is not only dependent on neural control, but also on the length of 
the muscle, the contraction velocity, and the past history of activation 
(7, 69). Thus the motor system morphology and dynamics are powerful 
shapers of and contributors to movement control. 
In the above-mentioned patients, the motor system has undergone 
considerable changes. Prostheses are designed as anatomically as possible, 
but differ m many respects from the actual resected joint. Since a prosthesis 
is stiffer and less flexible, it limits the patient's freedom of movement. 
The soft tissue attachment is different from normal bone. Furthermore, the 
remaining parts of the partially removed muscles are reattached as 
anatomically as possible, but this leads to a different force output and, 
ultimately, to inefficient movements which require more energy (37,38, 52). 
2.3 Movement control 
If movement is the result of continuous interaction between visual information, 
proprioceptive information, the vestibular system, and cognitive processes, 
it may be argued that, after limb-saving surgery, more particularly when 
one or more of these systems are partially damaged, movements such as 
standing and walking are no longer possible. However, this is not the case, 
patients are still able to perform these movements, but in an adapted way. 
Indeed, the movement control system is not a hierarchically organised 
top-down system, with a task-specific wiring determining all the muscle-
specific details. On the contrary, the production of movement is the result 
of a flexible 'negotiation' between the available input and the required out-
put (45,46, 51). The goal of this kind of organisation is to keep the output 
optimal. In this way the movement control system can choose between 
various available strategies. Which strategy is chosen depends on the 
complexity of the task, the novelty of the task, the skillfulness and motivation 
of the performer, the integrity of the system, and the requirements of the 
environment This range of options forms an important essential of human 
locomotion (51). 
As already mentioned, after limb-saving surgery, the control system can 
no longer trust the proprioceptive information from the affected leg. It is 
therefore forced to opt for other control strategies such as partial visual 
guidance or a more conscious control of movements. In this way the system 
tries to keep the performance, for example walking, at the same functional 
level as before the operation. However, because the patient has to adapt to 
the new situation, and has to compensate for the lost proprioceptive 
information and damaged motor system, this output optimisation does have 
certain consequences: it considerably reduces the system's information 
processing capacity (11,18,32,33,34,36,42,46,51). 
In fact, the adaptation takes place at two related levels: a physiological level 
and a behavioural or functional level. The physiological level refers to the fact 
that the anatomy of the leg has changed structurally due to the operation. 
The changed anatomy leads to altered feedback to the brain. Behavioural 
adaptation refers to the observation that the system is forced to employ 
alternative control strategies (visual control, cognitive control) as long as 
this peripheral-central disequilibrium exists. 
Hence, limb-saving surgery does not only cause peripheral problems, but 
also results in changes at the central level. This observation is not new, 
it is mentioned in many other studies, for example, with reference to leg 
amputation, spinal cord injury and impairment of the central nervous system 
m elderly people (11,13,32,33,34,43,59, 60,61,62,63, and 65). 
Recovery after limb-saving surgery can therefore be seen as forced change. 
As mentioned before, the massive loss of proprioception cannot be tolerated 
and the system is forced to shift towards a visual or conscious mode of 
control in order to keep the output optimal. 
2.4 Towards a new approach 
A number of questions with regard to the functional outcome of limb-saving 
surgery still need to be answered. The main question of this thesis is whether 
the post limb salvage patient is able to perform basic locomotive activities 
under normal everyday circumstances. In other words, to what extent will 
the control of posture and gait reautomatise? 
One of the crucial characteristics of daily life performance is its mult i -
various nature. This means that often several tasks need to be performed 
simultaneously. For healthy adult subjects this is normally not a problem, 
because motor skills such as standing and walking are more or less auto-
mated, so that these skills require only minimal attentional effort. 
However, for subjects who underwent limb-saving surgery, the performance 
of routine acts, such as standing and walking, may only be possible by 
consciously controlling posture and gait. Consequently, they may be unable 
to stand and walk while performing other attention-demanding motor or 
non-motor tasks Normally, we are able to walk and talk at the same time 
or to negotiate obstacles without any change in walking velocity After 
limb-saving surgery, patients often complain that, although they are able 
to walk normally around the house, they experience difficulties with every 
step they take when crossing a street with heavy traffic For the analysis of 
gross motor dysfunctions in patients who underwent limb-saving surgery, 
it is therefore important to record not only stride parameters, kinematics 
and the electromyographic activity, which give some information about the 
adaptations at the physiological level, but also to investigate how gait is 
a6 compromised by more complex conditions, as this will provide information 
about the adaptations at the behavioural or functional level. It seems plausible 
that essential information on functional progress during recovery is not 
gained by merely measuring standing and walking performance under 
simple and predictable conditions, without any distracters and hindrances. 
The above-mentioned approach can also be used for follow-up measurement 
during the course of recovery. 
It is argued here that assessment should take place under more variable and 
complex conditions In this thesis the value of such a behaviour-oriented 
approach is investigated. A behaviour-oriented approach (versus a movement-
oriented approach) should consist of the following additions to the basic 
task (standing or walking). 
i. Perceptual manipulations: changing the perceptual input during a basic 
task. For example, reducing or distorting the visual information may 
reveal an abnormally high visual dependency for the multisensory control 
of movements. 
2. Cognitive manipulations: performing several tasks at the same t ime. 
Standing and walking while performing a non-motor task (e.g. making 
some calculations, auditory Stroop task) will give information on the 
level of automation of the locomotive task. 
3. Motor manipulations: increasing the complexity of the basic task wil l 
provide information about the control adaptability, the ability of the 
patient to anticipate These manipulations may involve asking the patient 
to stand on a balance board or step over an obstacle 
4. Mechanical manipulations: changing the environmental constraints by 
disturbing the posture provides information on the adaptability to 
external disturbances. 
2.5 Aims of the thesis 
The aims of this thesis are defined as follows· 
• To objectify the gross motor dysfunctions which may occur during gait 
after limb-saving surgery. 
•To study the ability of these patients to perform locomotive activities and 
other tasks simultaneously. 
• To measure and discuss disproportional dependency on a particular sour-
ce of sensory information m post limb salvage patients. 
•To measure and discuss the ability of these patients to react adequately to 
sudden disturbances m the environment. 
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Limb-saving surgery is used to treat 70 % of the patients cases with malig-
nant tumors located in the lower limb. The goal of this surgical procedure 
is to preserve the limb and its function (16). However, because of the resec-
tion of joints and muscles limb-saving surgery, damages parts of the 
motor- and proprioceptive system. These systems play a crucial role in con-
trolling balance during upright standing so that some balance deteriora-
tion may be expected after surgery. Although limb-saving surgery creates 
primarily a peripheral disorder, a central reorganization within the sensory 
motor system occurs as a reaction to the altered peripheral constraint For 
example, balance control is based on the evaluation of visual, vestibular, 
and proprioceptive input and motor output (1,7,9). Although control is not 
strictly hierarchically organized in terms of muscle-specific motor programs 
that are sent to lower order centers, control is the result of a multilevel sys-
tem without hierarchy.This distributed organization makes it possible to 
select motor strategies tailored to the actual demands of the environment. 
The type of selection depends on the task's complexity and novelty and on 
the performer's skillfulness (11,12). Such an organization makes it possible 
to shift between a number of control strategies. In the case of balance con-
trol, shifts may take place from proprioceptive control towards a more visu-
al or conscious control. Geurts et al tested this after lower limb amputation 
and in the patients with Charcot-Marie-Tooth (5,6). They found that during 
the first stages of the rehabilitation process balance control was dispropor-
tional dependent on visual information and conscious control They 
demonstrated that when amputees were requested to perform simultane-
ously an attention-demanding secondary task or close their eyes, their 
balance control was significantly hindered At the end of the rehabilitation, 
these effects were absent. In this study, we argued that by using these 
conditions, we can gain insight into the level of automation of upright 
standing in patients after limb-saving surgery When a cognitive secondary 
task or visual deprivation hinders the performance of an upright standing 
task, we argued that upright standing is not fully automated. In this study 
we report the balance performance of 11 patients after limb-saving surgery 
We hypothesize that no difference exists between patients and controls in 
normal upright standing under optimal conditions. However, because of a 
shift in the strategy of control, these patients will depend more on visual 
and cognitive regulation of upright standing, similar to the situation 
during walking (2). In conditions where the use of these (compensatory) 
strategies is prevented, the balance performance will be compromised by 
closing the eyes and performing an attention-demanding dual task. 
3.2 Methods 
3.2.1 Subjects 
Ten age-matched, healthy controls and 11 patients were included in the 
study. In the Orthopedics Department of a university hospital, all patients 
were treated for malignant musculoskeletal tumors of the lower limb. 
In all patients except one the resection was wide and a reconstruction was 
done by a distal femoral knee prosthesis or proximal femoral hip prosthesis 
or allograft (Table 3.1). Only patients who received a score of 'good' accor-
ding to the Musculoskeletal-Tumor-Society score were included m our 
study (Table 11) These patients were able to stand up-right without canes 
or crutches during the entire experiment. The physical examination 
showed no indication that upright standing was affected by neurological 
disorders.The local medical ethics committee approved the study. 
3.2.2 Procedure 
Experiment 1. Before we began the experiment, those enrolled m our study 
practiced an auditive Stroop test once in a sitting position (15). In this task, 
the subjects heard a woman's voice pronouncing the words 'high' and 
'low' in either a low or a high pitch.The subjects were requested to indicate 
immediately the pitch of the spoken words; they had to suppress their 
tendency to repeat the spoken words. For each condition, one trail was 
conducted. Measurements were registered during 30-sec interval.The subjects 
stood erect on the force platform, the medial side of the heel io cm apart 
and with each foot toeing out at a io degree angle from the sagittal midline. 
In the first condition, the subjects stood under optimal and unconstrained 
circumstances (no distractions, perfect illumination) This condition was 
necessary to facilitate the collection of reference values. In the second 
condition, the subjects had to perform standing with closed eyes. In the 
third condition, the subjects had to stand while performing an attention-
demanding concurrent task, i.e., the auditory Stroop task. 
Table 3.1 
Age, gender, tumor type, tumor location, type of surgery and MSTS-score 
in the patients. 
Pat Gender, Tumor type 
Age(yr) 
1 Male 16 Osteosarcoma I 





Left Wide resection, internal hemipelvectomy 
proximal partali resection of the gluteal muscles, 
femur reconstruction with a saddle-prosthesis 
Left Intralesional resection, cryosurgery, 
proximal reconstruction with homologe bone 
femur and 
ilieum 
3 Female 24 Osteosarcoma II Β Right ilium 
4 Male 74 Chondrosarcoma IIΒ 
S Male 47 Osteosarcoma II Β 
6 Male 4 ; Chondrosarcoma II A 
7 Male 54 Chondrosarcoma II Β 
8 Male 35 Osteosarcoma II Β 
9 Male 37 Chondrosarcoma IA 
10 Male 50 Chondrosarcoma II Β 










Marginal resection, partial resection of the 24 
gluteusmaximus, médius and minimus, 
cryosurgery and reconstruction with 'cement' 
Wide resection, resection of the vastus 25 
mtermedius, reconstrucion with DFKP (2) 
Wide resection, partial resection of the tensor 23 
fasialata and gluteus maximus, reconstruction 
isPFHP(i) 
Wide resection, partial resection of the lateral 25 
vastus, reconstruction with DFKP (2) 
Wide resection, resection of the vastus 
mtermedius, reconstruction with DFKP (2) 
28 
24 Right distal Wide resection, partial resection of the 
femur vastus lateralis and biceps femoris, 
reconstruction with DFKP (2) 
Left distal Wide resection, partial resection of the lateral 24 
femur vastus, reconstruction with DFKP (2) 
Right distal Wide resection, partial resection of the lateral 23 
femur vastus and the tensor fasia latae, 
reconstructionwith DFKP (2) 
Left gluteal Intralesional resection, partial resection 
region of the gluteus maximus 
25 
(1) proximal femoral hip prosthesis 
(2) distal femoral knee prosthesis 
Experiment 2. In the second experiment, the same conditions were repeated, 
however, the subjects had to stand upright on a balance board which could 
turn over in the medio-lateral (ML) direction. In each condition, one trial 
was conducted and the measurements were obtained during a 30-sec interval. 
All subjects were allowed to practice standing on the balance board before 
the actual measurements were obtained. 
3.2.3 Equipment 
The force platform consists of a wooden plate placed on four force transducers 
which record the vertical reaction forces The data were collected and digitized 
at a 500 Hz frequency; the data were subsequently filtered using a 
second-order Butterworth filter with a cut-off frequency of 8 Hz. For each 
sample, the center of pressure (CP) was determined, by using the virtual 
center of ground reaction forces m a two-dimensional transverse plane. 
We analyzed the CP changes separately for movements in the anterior-
posterior (AP) and ML directions. The last 10 sec of every record was used to 




The ACP and VCP in AP and ML-directions in the patients and controls. During 
normal standing and standing on the balance-board in different conditions. 
Patients (n» 11) ACP VCP 
Conditions AP(mm)± ML(mm)± AP (mm/sec) ± ML (mm/sec) ± 
SEM SEM SEM SEM 
Normal Standing 
Eyes Open 2.9 ± o 4 0.6 ± o 1 118 ± 1.0 5 3 ± 1.3 
Eyes Closed 41 ± 0.5 ' 0.7 ± 0.1 " 17.7 ± 2.4 * 4810.7 
Dual Task 4.5 ± 0.8 ' 11 ± 0.2 " 18.6 ± 3.0 ' 6.6 ± 3.0 
Balance Board Standing 
Eyes Open 4.3 ± 0.6 2.0 ± 0.2 19.2 ± 3.3 10.7 ± 2.4 
Eyes Closed 14.912.9* 7.711.5' 80.1112.9*** 47718.7" 
Dual Task 3-910.5 1.4 + 0.2 23.613.4" 12.212.8 
Ei 












24 + 03 
3 2 ± 0 4 ' 
2 4 ± 0 2 
4 7 ± o 6 
6 9 1 0 8 · 
31103 
ACP 
ML (mm) ± 
SEM 
0 9 1 0 1 
1 2 ± 0 2 
1 2 ± 0 2 
2 3 ± 0 3 
6 6 1 1 2 ' 
2 4 1 0 4 
AP (mm/sec) 
SEM 
1 0 9 1 0 5 
14 5 ± 1 6 ' 
11 9 1 1 0 
101 + 05 
23 2 i 3 3 ' 
14 9 1 2 9 
VCP 
i ML (mm/sec) + 
SEM 
47 + 0 4 
5 7 ± 0 7 
6 6 1 0 8 ' 
87 + 15 
28 3 ± 4 6 ' 
129113 
* significant difference when compared to eyes open conditions 
** significant difference when compared to controls in the same conditions 
m the anterior-posterior and the medio-lateral direction (ACPap and 
ACPml) In the formula is Ν the total number of points m the data 
To obtain more information about the velocity of the CP (VCP) movement, 




for movements m both directions and expressed VCP in millimeters per 
second The difference among the three groups of data were analyzed by 
means of a distribution-free Wilcoxon's matched pairs, signed-ranks test, 
taking a two-tailed 5% probability as a level of significance 
3.3 Results 
All patients were able to maintain their upright standing as we obtained 
the measurements Table 3 2 shows the mean ACP (in millimeters) and VCP 
(in millimeters per second) m AP and ML directions of the controls and 
Figure 3-1 
The ACP in the AP and ML 
direction for the patients 
and controls, with the eyes 
open, the eyes closed and 
performing a dual task 
during normal up-right 
standing. The data is 
normalized to normal 
standing in controls. 
The bars show the SEM. 
Amplitude of the COP 
under different conditions during upright standing 
Anterior-Posterior 
Eyes Closed Dual Task 
Medio-Lateral 
Eyes Closed Dual Task 
u 
39 
' significant difference when compared to eyes open conditions 
" significant difference when compared to controls in the same 
conditions 
patients. Table 3.2 also gives the results observed in patients with normal 
upright standing, with their eyes open or closed, and the results found in 
patients with upright standing on the balance board, with their eyes open 
or closed, and the dual task performance. 
Upright Standing. Figure 3.1 illustrates the data of the ACP in AP and ML 
directions for both patients and the controls. In contrast to the data in 
table 3.2, the amplitudes were normalized in comparison with the normal 
The VCP m the AP and ML 
direction for the patients 
and controls, with the eyes 
open, the eyes closed and 
performing a dual task 
during normal up-right 
standing. The data is 
normalized to normal 
standing in controls. 
The bars show the SEM. 
Velocity of the COP 







Eyes Closed Dual Task 
* significant difference 
standing scores of the control group. In normal upright standing, there was 
no difference between the patients and the control group. However, during 
the eyes closed condition, both patients and controls showed differences in 
the ACP when compared to normal standing (p < 0.05). In the dual task 
condition, only the patients group showed a difference when compared to 
normal standing (p < 0.05). However, the two groups were not different. 
During normal standing (Figure 3.1) there were slightly lower values for 
changes in the ML direction for patients compared with those observed in 
the control group; however, these differences were not significant. 
The eyes-closed condition did not affect the ACP in the patient group and 
The amplitude ACP in the 
AP (A) and ML (B) direction 
for the patients and 
controls, with the eyes 
performing a dual task 
during up-right standing 
on the balance board. 
The data is normalized to 
normal standing in 
controls. The bars show 
the SEM. 
Velocity of the COP 









' significant difference 
the control group as compared with normal standing However, the CP 
displacement in this condition was smaller for the patient group when com­
pared with that of the control group (p < o 05) Under dual task conditions, 
the ML displacement showed significant lower amplitude m the patients 
group when compared wi th normal standing (p < o 05), whereas m the 
control-group, no effect of the dual-task condition was found 
The VCP m AP and ML direction is presented in figure 3 2 During normal 
standing, there was no difference between patients and normal subjects 
when the velocity in AP direction was observed (figure 3 2) In the patient 
group the velocity, however, was higher m the eyes-closed and in the 
Ώ 
Velocity of the COP 
under different conditions during standing on the balance board 
Anterior-Posterior 
* significant difference when compared to eyes open conditions 
" significant difference when compared to controls in the same 
conditions 
dual-task condition when compared to normal standing (p < 0.05). 
No differences between the conditions were found in the control group. 
In the ML direction a higher velocity existed in both patients and controls 
in the dual-task condition when compared with normal standing (p < 0.05). 
The absolute changes in the patients are higher (n.8 ± 1.0 mm/sec, eyes 
open; 18.6 ± 3.0 mm/sec, eyes closed) as compared with controls (5.3 ± 1.3 
mm/sec, eyes open; 6.6 ± 3.0 mm/sec, eyes closed) (figure 3.2). 
Standing on the balance board, patients and controls were able to maintain 
themselves in the upright standing position. Figure 3.3 shows the ACP in AP 
and MLdirections.lt is clearthat in maintaining the normal upright posture 
on the balance board, patients and controls show no difference With eyes 
closed, however, the patients' amplitude in the AP direction was significant 
higher as compared with the eyes open condition (p < 0.005).The dual-task 
condition showed no significant effect m either group (figure 3.3) 
The results were similar for the amplitude in the ML direction for both 
patients and controls. The difference between patients and controls was 
significant again (p < 0.001). 
Figure 3.4 shows the VCP during balance-board standing in the AP and ML 
directions. During normal standing, the patient group shows a higher VCP 
m the AP when compared with that of the control group (p < o 005) In the 
patient group, the difference between upright standing with the eyes open 
and the eyes closed is clear and significant (p < 0.0005) (figure 3.4) 
The same applies to the velocity in the ML direction under similar circumstances 
(p < 00005). 
3.4 Discussion 
The primary aim of this study was to gain insight m the balance reorganization 
and the role of visual and cognitive (compensatory) strategies in balance 
control m patients after limb-saving surgery. Although the group of 
patients was heterogeneous, based on the different tumor sites, the changes 
were comparable To study this reorganization, we designed a task set that 
enabled the observer to estimate the degree of cognitive and visual 
involvement in the control of upright standing. Both the CP and the VCP 
data indicated that compared with healthy controls, patients after limb-saving 
surgery suffered a basic change in posture control in both directions of the 
sway, for conditions with constraints 
In contrast to normal standing, no difference in ACP and VCP was found 
between patients and controls.This is an interesting finding, since it indicates 
that under optimal conditions, the patients' performance is unimpaired 
and comparable with that found in a healthy population. Different results 
are found during standing on the balance board, m which case patients 
and controls had to perform a difficult motor task. It became clear that the 
patients were unable to maintain this level of performance when tested on 
the balance board. Here both patients and controls showed the same ACP 
results. However, the VCP in the patient group during upright standing on 
the balance board was significantly higher compared with the VCP of normal 
subjects for the AP direction only. We must remember that the high VCP in 
the patient group was substantially determined by the relative high 
frequencies of the CP displacement. 
Although the task remains the same (upright standing), under deprived 
visual conditions there are some changes in the results. Our findings 
showed that while standing with eyes closed, both patients and controls 
showed changes when compared to normal standing This task is difficult 
for both groups but it does not discriminate between patients and controls 
The influence of vision m balance control is well known in healthy subjects 
as well as in patients (5). Geurts and colleagues argued that m cases m 
which somatosensory input was impaired, the role of vision became even 
more important. In our study vision was necessary to maintain the most 
optimal performance level. Earlier reports of an increased dependency on 
visual information showed that this was true for both ML and AP directions 
of the CP (5,8,13,14). The patients after limb-saving surgery studied in this 
article displayed only an effect in the AP direction. In the dual task condition 
only the patient group showed significant changes when compared with 
normal standing.This means that the patients were not able to control the 
CP m either direction during the performance of secondary, attention-
demanding tasks. A similar result has been shown in amputees and in 
Parkinson patients (5, 6). In an earlier study De Visser et al (2) showed these 
effects also for patients after limb-saving surgery during walking. These 
studies confirmed that an attention-demanding task interferes with the 
performance of a motor-task when the control of the motor-task is no 
longer based on the redundant stream of somatosensory information. 
In addition to quiet upright standing on a firm support surface, we examined 
standing on another support surface, e.g., a balance board.These patients 
must also reform their internal representation and bear weight on the 
affected limb to reduce asymmetry and lateral instability Standing on a 
balance board will force them to tolerate symmetric weight bearing and 
will place greater demands on the control systems. In the balance-board 
experiment, the dual task did not show any difference in either group 
This may be explained by the fact that performing a difficult motor task 
together with the dual-task is difficult for both patients and controls. 
3-5 Conclusions 
Our results suggest that the deteriorated proprioceptive input and motor 
output from the leg increase the dependency on visual and cognitive 
processes to maintain balance. Our results also show that the patients 
were substantially hindered when standing upright under reduced attention 
or vision and when the execution of more complex motor task was required. 
The patients were able to maintain their upright-standing position, but 
only under optimal conditions. As soon as complexity of tasks was increased 
the 'smoothness' of control was lost. 
This is an important finding because it indicates that recovery after limb-
saving surgery is indeed impressive; moreover, it also indicates that the 
premorbid level of automatism does not return. Patients after limb-saving 
surgery seem to suffer from gross motor-skill deficiencies, so that the 
performance of routine acts, like upright standing, may only be possible at 
the cost of considerable compensatory strategies. Hence, the restoration of 
postural control in these patients is partly based on cognitive processes 
that are not directly accessible for motor assessment procedures using 
simple task conditions. The implications for therapy are clear· to determine 
functional assessment we should consider training these patients in more 
complex environments focused not only on complex motor tasks but also 
on the implementation of non-motor, attention-demanding tasks. 
Although the implications for assessment are to get an ecologically valid 
impression of the patient's level of skill, we should not only assess pure 
motor acts, but we should combine these acts with a number of tasks that 
mimic the performance of the activities of daily life. All daily activities 
are the result of a permanent interaction between motor, perceptual and 
cognitive processes. 
REFERENCES 
ι Allum JH.CR Pfaltz Visual and vestibular 
contributions to pitch sway stabilisation 
in the ankle muscles of normals and 
patients with bilateral vestibular deficits 
Exp Brain Res 58 82-94,1985 
2 De Visser E, J Pauwels, J Duysens.T 
Mulder, RPH Veth Gait adaptations 
during walking under visual and 
cognitive constrains, a study of 
patients recovering from limb-saving 
surgery of the lower limb Am J of 
PM & R 77 (6) 503-509,1998 
3 Dornan J, GR Ferme, PJ Holliday Visual 
input its importance in the control of 
postural sway Arch Phys Med Rehabil 
59586-591,1978 
4 Ennekmg WF, W Dunham, MC 
Gebhardt, M Malawar, DJA Pritchard 
System for the functional evaluation 
of reconstructive procedures after 
surgical treatment of tumors of the 
musculoskeletal system Clin Orthop 
286 241-46,1993 
5 Geurts ACH, Τ Mulder, Β Nienhuis, RAJ 
ijken Dual-task assessment of 
reorganization of postural control in 
persons with lower limb amputation 
Arch Phys Med Rehabil 72 1059-1064,1991 
6 Geurts ACH,Τ Mulder, Β Nienhuis, 
RAJ Rijken Postural organisation in 
patients with hereditary motor and 
sensory neuropathy Arch Phys Med 
Rehabil 73 569-572,1992 
7 Horak FB, LM Nasher Central 
programming of postural movements 
adaptations to altered support 
configurations J Neurophysiol 
55 ^ôg 70,1986 
8 Lee DN, JR Lisman Visual proprioceptive 
control of stance J Human Move Stud 
187-95.1975 
9 Massion J Postural control system 
Curr Opinion Neurobiol 4 877 -887, 
1994 
10 Morris ME R lansek.TA Matyas, 
JJ Summers Stride length regulation 
in Parkinsons disease Brain 119 551-
568,1996 
11 Mulder T, ACH Geurts Recovery of 
motor skill following nervous system 
disorders a behavioral approach 
Bailliere's Clinical Neurology 2 1-13, 
1993 
12 Mulder Τ, Β Nienhuis, J Pauwels 
The assessment of motor recovery 
a new look to an old problem 
J Electromyogr Kmesiol 6(2) 137-145, 
1996 
13 PatlaAE Understanding the role of 
vision in the control of human 
locomotion Gait and Posture 5 54-69, 
1997 
14 Stoffregen TA Flow structure versus 
retinal location in the optical control 
of stance J Exp Psychol 11 544-565, 
1985 
15 Stroop JR Studies of interference m 
serial verbal reactions J Exp Psychol 
2536-93.1935 
16 Veth RPH, QGCM van Hoesel, 
JPM Bokkennk, J Hoogenhout, 
M Pruszczynski The art of limb-salvage 
in musculoskeletal oncology Critical 
Reviews in Oncology / Hematology 
21 17-103,1995 
POSTURAL CONTROL AFTER 
DISTURBANCE OF THE UPRIGHT 
STANDING 
£ de Visser, RPH Veth, HWB Schreuder, Τ Mulder, J Duysens (submitted) 
4.1 Introduction 
In daily life we meet situations where the posture is disturbed suddenly 
and / or unexpectedly The postural control is based on visual, vestibular, 
and proprioceptive input and consist of numerous neural pathways at 
spinal and supra spinal levels that elicit elementary reflexes and initial 
synergies They are the basis for fast, automatic responses to body 
perturbations (i). 
Investigations have been carried out on the respective roles of various 
categories of sensory inputs involved m postural stability The vestibular 
system is thought to play a role in organising several strategies in relation 
to body perturbation (2, 3). It may be possible that responses to certain 
disturbances of posture, such as pushes to the head or shoulders, may be 
triggered by vestibular signals (4,5) Evidence that vestibular inputs trigger 
postural responses m the leg and trunk muscles is limited (6) Several 
studies propose that vestibular signals only provide supplementary trigger 
signals to establish the final timing of previously triggered automatic 
balance corrections instead of being the primary trigger ( 6, 7, 8). Another 
study suggests that vestibular input does not contribute strongly to early 
postural reactions to counteract stance disturbances (5) The role of leg 
somatosensory inputs in postural stability has also been investigated (9,10, 
i l , 12,13). The results of these studies suggest that leg somatosensory 
inputs are actually used to trigger and scale the postural reactions (9). 
Other inputs (e.g. visual, cognitive) may replace the missing input as 
studied in amputees, hereditary-motor-neuron-sensory patients and patients 
after limb-saving surgery (14,15,16,17). 
The present study investigates the effects of partial loss of proprioceptive 
input on postural reactions in patients in which limb-saving surgery was 
applied of the lower limb, limb-saving surgery is a surgical technique used 
as treatment in 70% of the cases m which malignant tumors are located in 
the limb (18). The goal is to preserve the limb and its function, by a resection 
of the tumor, together with a wide margin, which will lead to a partial 
resection of muscles, and a reconstruction of the bone-defect with a 
prosthesis Since the joint is involved m the process the reconstruction will 
lead to damage of the propnocepsis ofthat particular joint. A recent study 
has investigated the balance control m these kind of patients. During 
normal standing there was no difference m centre of pressure movements 
and velocity of the centre of pressure as compared with healthy controls. 
However, when the standing was combined with an attentional demanding 
task the inability increased It was concluded that due to the surgery, 
patients has lost the balance-automatism (17).The question is whether loss 
of automatism m balance control affects balance correction after (un-) 
expected disturbance in the forward direction of the upright standing 
when compared to healthy controls This should lead to a deterioration of 
balance control because the balance correction responses are fast automatic 
responses. It is hypothesized that the timing of the muscle activity of the 
lower limb muscles is changed during the unexpected and expected 
perturbations as compared to controls. 
4.2 Methods 
4.2.1 Patients 
Ten patients with a mean age of 38, ranged between 16 and 55 years and 10 
age-matched, healthy controls with a mean age of 47 years, ranged 
between 19 and 52 years and, were included m the study. All patients were 
treated for malignant musculoskeletal tumors of the lower limb (see table 
4.1 for individual details) (19, 20). The patients were studied 15 months to 2 
years after operation There was no indication that upright standing was 
affected by neurological disorders, for instance due to the results of 
chemotherapy. The local ethical committee approved the study. 
4.2.2 Expérimental set-up 
The subjects had to stand on a force platform and wear a safety harness 
fixed to the ceiling. This fixation was loose enough so as not to interfere 
with the postural reactions The left arm was stretched out and the hand 
held a weight of 2.5 kilograms controlled by an electromagnet (see figure 
4.1 for experimental set-up). The height of the electromagnet that hold the 
weight was corrected for each subjects in a way that the arm makes an 
angle of 90 degrees with the body. The subjects were instructed to keep 
this angle when the weight was released.The electromagnet was controlled 
by a computer. The measurements took place in 7 trials. In the first trial the 
weight was delivered unexpectedly, the subjects had no information, neither 
about the release time nor the mass, of the object. The other six trials were 
Table 4.1 









Left proximal femur 
Left proximal femur 
and ileum 








Osteosarcoma II Β 
Chondrosarcoma IIA 
Chondrosarcoma II Β 
Osteosarcoma II Β 
Chondrosarcoma 1A 
Chondrosarcoma II Β 
Liposarcoma 
Left proximal femur 
Left distal femur 
Left distal femur 
Right distal femur 
Left distal femur 
Right distal femur 
Left gluteus region 
Treatment 
Wide resection, internal 
hemipelvectomy partial resection 
of the gluteus muscles, reconstruction 
with a saddle-prosthesis 
Intralesional resection, cryosurgery, 
reconstruction with homologue bone 
Marginal resection, partial resection of 
the gluteus maximus, médius and 
minimus, cryosurgery and reconstruction 
with'cement' 
Wide resection, partial resection of the 
tensor fascia lata and gluteus 
maximus, reconstruction is PFHP (i) 
Wide resection, partial resection of the 
lateral vastus, reconstruction with 
DFKP (2) 
Wide resection, resection of the vastus 
mtermedius, reconstruction with DFKP (2) 
Wide resection, partial resection of the 
vastus lateralis and biceps femoris, 
reconstruction with DFKP (2) 
Wide resection, partial resection of the 
lateral vastus, reconstruction with 
DFKP (2) 
Wide resection, partial resection of the 
lateral vastus and the tensor fascia 
lata, reconstruction with DFKP (2) 
Intralesional resection, partial resection 
of the gluteus maximus 
(1) proximal femoral hip prosthesis 
(2) distal femoral knee prosthesis 
semi-randomized.Trials 2, 3 and 6 were control measurements where only 
measurements took place without delivery of the weight. In trial 4, 5 and 7 
the weight was released by the electromagnet. All data were measures 
Figure 4.1 
'V/,\ ^ x 






0 200 400 600 800 1000 
Experimental set-up. The arrow at the bottom of the figure indicate the time 
when the weight was released. X is the time before the weight fell. This was used 
to calculate the standard deviation of the background velocity of COP. Y indicates 
the recovery time. This is the time it took the VCP to reach twice the standard 
deviation of X. Arrow Ρ indicates the time of the peak amplitude of the COP. 
Β indicates the background activity in the EMC data. 
starting ι second before the release and lasting for 4 seconds in every trial 
The platform consisted of a plate mounted on four force transducers recording 
the center of pressure The data were collected at a frequency of ςοο Hz 
and the digital data was filtered using a second-order Butterworth filter 
with a cut-off frequency of 8 Hz The amplitude of the center of pressure 
was defined as the maximum excursion in anterior-posterior direction 
after the disturbance For all subjects the maximum amplitude after the 
release of the weight was calculated (arrow (p) m figure 41) The latency of 
the center of pressure excursion was the time between the release of the 
weight and the beginning of the center of pressure displacement in the 
anterior direction (upward pointing arrow) The duration of the center of 
pressure displacement was calculated The first-order differential was derived 
of the center of pressure and defined as velocity of the center of pressure 
This velocity was used to calculate the recovery time First the standard 
deviation of the velocity during undisturbed upright standing was calculated 
(period 'x' in figure 41) The period between the onset of the perturbation 
and the time when the velocity of the center of pressure reached the range 
of lower than twice the standard deviation was defined as recovery time 
(period 'y' in figure 41) 
Bipolar surface electromyographic activity was recorded of four representative 
leg muscles by means of electrodes placed on the belly of the following 
muscles of both legs Biceps Femoris, Rectus Femoris, Anterior Tibialis and 
Gastrocnemius Mediahs The skin was prepared by shaving and mildly 
abrading the electrode sites Inter-electrode distance was less than 2 cm 
and no test was initiated if the measured skin impedance exceeded 5 kQ 
The EMG signal was amplified (by a factor 104 to 106), high-pass filtered 
(> 3 Hz), full wave rectified, low pass filtered (< 300 Hz) and AD-converted 
(sampled at 500 Hz) To obtain the 'pure' muscular responses the control 
trial was subtracted from the corresponding trial m which the weight fell 
For each muscle one single, visually defined, time-window was set around 
the 'pure' responses for all the muscles m all the trials This is depicted m 
figure 41 by the vertical lines m the electromyographic signals First the 
standard deviation of the background noise was calculated from the period 
(B) before the release of the weight The position of the time-window 
around the response started (onset) when the activity exceeded twice the 
standard deviation of the background-noise and ended (offset) when the 
activity was lower than twice the standard deviation Quantification of the 
responses occurred by calculating the mean of the integrated electromyo-
graphic data over the period m which the responses occurred Response 
latencies were measured on individual trials once the time window had 
been determined For each trial the mean electromyographic value and the 
duration of activity was calculated within the applicable window obtained 
from the above analysis 
4.2.3 Statistical analysis 
Differences m means of center of pressure latency, duration, maximal 
amplitude, recovery time (derived from the velocity of the center of pressure), 
electromyographic latency, amplitude and duration among the patients 
and controls were analyzed by means of a distribution free Wilcoxon 
matched pairs, signed-ranks test, taking a two-tailed probability of 5 percent 
as level of significance 
Table 4.2 
Onset latencies, durations and amplitude of the COP in controls and patients 
Trial 1 
Trial 7 
Onset Latency in 
msec (SEM) 
Controls Patients 
43 O 3) 
36(24) 
37(i5) 





302 (6 2) 
351 (6 4) 
305 (3 8) 
Amplitude of COP 






The mean recovery time 
and SEM in the patients 












" significant difference 
All patients and subjects were able to maintain an upright posture during the 
disturbance None of the patients had to make an extra step to prevent falling 
The patients and the healthy subjects showed no significant differences in 
the latency and duration of the center of pressure displacement in the 
anterior-posterior direction (see also table 4.2). Hence at first sight the weight 
has comparable effects on the maximal amplitude of the center of pressure in 
the controls and the patients. In the last trial the amplitude shift was smaller 
m patients as compared to the first trial, but this difference was not significant. 
To study the t ime needed for'balance recovery' a measurement of the 
recovery t ime was based on the velocity of the center of pressure. 
From figure 4.2 it is clear that the recovery time was longer in the first trial 
in the patients when compared to the control subjects, respectively 817 and 
331 msec on average for the patients and controls (p < 0.05). Note that over 
the different trials the recovery time decreased in the patients (respectively 
trial ν 817; trial 4:461; trial 5: 325 and trial 7: 348 msec). Between the first 
and the other perturbation trials a significant difference in recovery time 
was measured (p < 0.05) in the patient group. In contrast the control subjects 
showed no difference in recovery time over the trials. 
In figure 4.3 the first trial of one individual healthy control and a patient is 
depicted. After the release of the weight, activity m all the measured muscles 
is seen. In the healthy control the medial gastrocnemius responds first, 
followed by the biceps femoris, both around 80 msec.The tibialis anterior 
and the rectus femoris have response latencies around n o msec in this 
subject. In the patient, some differences are seen as compared to the healthy 
subject. In the non-affected leg the gastrocnemius and the biceps femoris 
respond around 150 msec after the trigger. The rectus femoris and tibialis 
anterior have latencies around 160 and 170 msec respectively. It is clear that 
the response latencies are longer in the non-affected and that the sequence 
of the responses is not the same as in the healthy control. In the affected 
leg similarities with the responses in the non-affected leg are seen, the 
sequence is changed and the response latencies are longer 
To get a clear insight in the abovementioned differences we will describe 
and compare the electromyographic analysis of the first and last trial m 
detail for the whole population. In healthy controls always short latencies 
are seen, in contrast to the controls the patients show the same or longer 
latencies. In the first trial the controls showed mean response latency of 84 
msec (SEM 2.6) in the gastrocnemius medialis, and a response latency of 87 
msec (SEM 2.9) in the biceps femoris (figure 4.4). These early responses 
were followed by responses in the antagonists, the tibialis anterior 
Figure 4.3 
Healthy control Affected leg Non affected leg 
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Raw electromyographic data the medial gastrocnemius, biceps femoris, tibilais 
anterior and rectus femoris in one healthy control and the affected and 
non-affected leg of a patient after release of the weight. The arrow indicates the 
release of the weight, the dotted lines 
has a mean latency of 119 msec (SEM 4 3) and the rectus femoris of 113 msec 
(SEM 2 8) (figure 4 4) In the last trial as compared with the first, the tibialis 
anterior in the controls respond significantly earlier, w i th a mean 
response latency of 99 msec (SEM 4 1), and the rectus femoris respond 
significantly later wi th a mean latency of 152 msec (SEM 2 4) (figure 4 4) 
However, m patients differences were seen as compared to controls 
In the first trial the early responses are not detected m the patients 
Mean response latency of all the muscles were between 119 msec and 185 
msec In the last trial there are changes seen m the patients group as 
compared with the first trial The rectus femoris of the affected leg has a 
significant earlier response latency of 108 msec (SEM 73) (figure 4 4) 
The same is seen in the biceps femoris for both the affected leg, mean 
Onset latency and 
standard error of the 
mean of the tibialis 
anterior, gastrocnemius 
medialis, rectus femoris 
and biceps fem oris. In the 
first and the last trial of 
controls and patients. 
Significant difference is 
marked with ( ') 
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Biceps femoris 
Mean electromyographic 
activity and SEM of 
the tibialis anterior, 
gastrocnemius mediaiis, 
rectus femoris and 
biceps femoris. In the 
first and the last trial 
of controls and patients. 
Significant difference is 
marked with ( * ). 
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Response duration and 
SEM of the tibialis 
anterior, gastrocnernius 
medialis, rectus femoris 
and biceps femoris. 
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latency of 130 msec (SEM 9 3) and non-affected leg, with a mean latency of 
131 (SEM 73) (figure 4 4) 
The mean electromyographic activity of the first trial did not differ 
between patients and controls m the biceps femoris , and rectus femons 
However, the mean amplitude m the gastrocnemius of the affected leg, 
o 38 mVolts (SEM O 008) and the tibialis anterior of both affected, o 42 
mVolts (SEM O 013), and non-affected leg, o 41 mVolts (SEM O on), was 
significant lower as compared to the controls (figure 4 5) In the last trial 
the elctromyographic activity of the tibilias in the affected leg, o 37 mVolts 
(SEM O 013), and non-affected leg, o 43 mVolts (SEM O 015) was significant 
lower as compared to controls, o 49 mVolts (SEM O 012), the biceps femoris 
and the gastrocnemius medialis did not differ from the controls and the rectus 
femoris showed a significant higher mean amplitude for both the affected, 
o 46 mVolts (SEM o on), and non-affected leg, o 48 mVolts (SEM O 016) as 
compared to the control amplitude, which was o 37 mVolts (SEM o 12) in the 
last trial (figure 4 5) 
The duration is depicted m figure 4 6 1 η the first trial the duration of the 
response m the biceps femoris, m the rectus femons, and in the gastrocnemius, 
for both affected and non-affected leg, was longer than m controls (p < ο 05) 
In contrast the duration of the tibialis anterior activity remains the same 
between both groups In the last trial the duration of the EMG response did 
not differ between the controls and patients 
4.4 Discussion 
The primary aim of this study was to get insight m the importance of 
proprioceptive feedback for the control of balance after perturbation of 
upright standing m patients after limb-saving surgery These patients 
recovered after a resection of a bone tumor and reconstruction w i t h a 
prosthesis at hip or knee level The changed architecture of the leg leads to 
differences m balance control, the patients have lost balance automaticity 
during normal standing (17) The present data show that clear differences 
exist between patients and controls when the upright standing is disturbed 
suddenly The recovery time to the unexpected disturbance was different m 
the patients as compared with the control subjects The patients seem to 
have more difficulty m correcting for the unexpected perturbation than the 
controls since it takes significantly longer to recover from the disturbance. 
The recovery time is restored to normal levels from the second trial 
onwards, indicating that problems m postural control are especially important 
for unexpected perturbations. 
In the patients the latencies are longer which is similar to findings in 
patients suffering from peripheral neuropathy. Inglis et al report that when 
propnocepsis is affected the change m reaction to a similar disturbance 
could be explained by changes in muscle activation pattern (10).They studied 
a group of patients with proprioceptive loss due to poly-neuropathy extended 
up to the knee. They noted that automatic postural responses m leg and 
trunk muscles were delayed in patients with a peripheral neuropathy who 
all had mild muscular weakness. Although we did not measure muscular 
strength recent investigations of Kawai at al (22, 23) show that mean 
extensor torque m patients with a distal femoral knee prosthesis was 
between 4 and 30 % that of the unaffected knee For patients with a 
proximal femoral hip prosthesis mainly the abductor strength was reduced. 
Hence muscle weakness is an important confounding factor in this study 
because reduced muscle strength may affect postural control (24) 
The reaction of healthy subjects to (un) expected perturbations is in line 
with previous findings (11, 25, 26). In these studies the perturbation moved 
the subject forward or backward.The results showed that the postural 
reactions consist of highly stereotyped patterns of muscle activity which 
are activated in an ascending distal-to-proximal order in leg and trunk 
muscles after being triggered by ankle inputs (2,10, 27). Our data shows 
that m the healthy controls early stretch reflexes in gastrocnemius and 
biceps femoris were followed by balance correcting responses in the tibialis 
and rectus femoris This so-called ankle strategy is seen in all the trials and 
is consistent with findings of others (2,25,26,27) Lower leg proprioceptive 
feedback is considered to be critical for triggering and modulating human 
automatic balance correcting responses (5,9,10,11,28). One early hypothesis, 
proposed by Nashner suggested the existence of a limited repertoire of 
'postural synergies' providing relatively fixed patterns of muscle activity 
(28). Nashner suggested that in balance corrections, ankle inputs trigger 
responses m stretched ankle muscles (gastrocnemius and tibialis anterior) 
and as a result, these muscles trigger a distal-to-proximal radiation 
upwards to elicit a balance-correction response. 
In contrast, in patients the postural reaction to unexpected perturbation is 
not consistent with this ankle strategy. Since the distal-to-proximal order 
of leg muscle activation is not seen in the patients After the unexpected 
disturbance the prolonged recovery time can be explained by a lack of 
ankle strategy. In the last trial the muscle activity still did not show an 
ankle strategy pattern as seen in the controls, but the recovery time did not 
differ between the two groups. This means that patients are able to correct 
their posture after disturbance using a different strategy. This strategy is 
inefficient in the unexpected disturbance, but is adequate for expected 
perturbations. 
In the literature about balance disturbance different latencies with a different 
function are described. The first responses are with a short latency, 
between 40 and 100 msec, after the stimulus. The nature of these responses 
is the stretch response. Secondly, responses are described after 120 msec. 
The nature of these responses are for balance correcting. These first balance 
correcting response can be followed by a second balance correcting response 
between 240 and 340 msec (34). In the patients the onset-latency of muscle 
activation was between 120 and 180 msec, which is considerably longer as 
compared to controls were the onset latencies was between 80 and 120 msec. 
Based on what is known in literature the nature of the responses of biceps 
femoris and gastrocnemius m the healthy controls are of a stretch-reflex 
origin. Followed by a balans correcting respons in the rectus femoris and 
tibialis anterior. However in the patients the responses are, based on the 
latencies, balance correcting responses, the short latency, stretch reflexes 
are not seen in the patients. 
On the other hand it is possible that our patients had 'switched' to the use 
of alternative sensory inputs, as has been postulated in patients with very 
severe loss of proprioceptive or vestibular feedback, lower limb amputations 
and also, in patients after limb-saving surgery (5,15,17, 29). This possibility 
can never be completely excluded in studies of patients with deficits in the 
sensory-motor system.These compensation mechanisms might be able to 
keep the performance constant at a certain level but, it is unlikely that such 
compensatory mechanisms overcome and therefore mask true response 
abnormalities (9, 30). Indeed, the balance-correcting responses remained 
present, but with a delay in our patients. In the first trial the patients show 
the same mean electromyographic activity within a longer time window as 
compared to healthy controls. In general the responses in the gastrocnemius, 
biceps femoris and rectus femoris after the disturbance is weaker in the 
patients. This is changed over the different trials and in the last trial the patients 
have nearly the same electromyographic activity of the gastrocnemius and 
tibialis, but in a shorter time window as compared to the first trial. In the 
biceps femoris and rectus femoris this is only seen in the non-affected leg. 
In the affected leg the electromyographic response is weaker. Furthermore, 
the onset latencies of rectus femoris and biceps femoris are shorter m the 
last trial. When we bear in mind that the recovery time in this trial is also 
shorter one might argue that the proximal muscle groups are responsible 
for the mam mechanical effect during the correction of the centre of pressure 
after disturbance (14,15,31,32). 
A decade ago Nashner's theory gained many support and this theory might 
be account for small and slow movements of the supporting surface, this 
assumption has recently been challenged by a variety of observations (33) 
For example, prominent balance correcting responses seemed to be elicited 
in subjects whose ankle rotations during translational movements had 
been 'nulled' (6, 9,13). Also, onset latencies of most balance correcting 
responses are normal m patients with sensory polyneuropathy restricted to 
the lower legs or total proprioceptive loss of the lower legs (12,13). 
These observations suggest that lower leg proprioception is not required for 
triggering many balance corrections. Instead, it is hypothesized that proximal 
proprioceptive input (such as trunk or hip) might provide the primary trigger 
signal for almost all balance corrections (7). Several other investigators support 
this suggestion (6, 9, 34, 35) Our data suggest that m the unexpected 
perturbations the peripheral information could be useful in the fast correction 
of the centre of pressure unexpected perturbations. The peripheral afferent 
signals might elicit stretch reflexes or trigger pre-programmed reactions (28,32). 
It is obvious that the muscular activity will influence the displacement of 
the centre of pressure. But the centre of pressure displacement as measured 
m this study is a resultant of two forces. One before the release of the 
weight measured by the platform and the other a resultant of movement 
of the body in the forward direction and the weight. So the initial centre 
of pressure displacement, as measured in this study, is both due to the 
release of the weight and the initial position of the subject. The influence of 
the weight on the centre of pressure displacement is not known so it is not 
possible to give an explanation of the centre of pressure displacements 
based on the muscular activity, and m which way the measured activity will 
correct the disturbance.The weight in this study is only used for disturbance 
of the balance and to move the body m a forward direction, which in itself 
will lead to a balance correction response. 
The latencies of the patient group are not only delayed m the affected leg 
but also in the non-affected leg, this suggest some symmetry between 
affected and non-affected leg, which indicates that unilateral damage to 
the leg, causes bilateral reorganisation of the compensatory reaction (14). 
One of the ideas about the organisation of postural reactions is that the 
central nervous system is unable to control individual muscles separately. 
Yet it controls a set of muscles regulated as a functional synergy (21, 27). 
In this light the patients' reactions towards the disturbance is based on a 
change m strategy. 
4.5 Conclusion 
In conclusion, after limb-saving surgery, patient can still maintain balance 
during perturbations, but they show different muscle activation patterns, 
longer response latencies in some muscles and it takes a longer time to 
recover m the unexpected disturbance of the up-right standing. 
Proprioception could serve to trigger reflexes in ankle muscles and help to 
shape other automatic postural responses within a given postural strategy, 
once these have been triggered by knee or trunk movement (13). Postural 
flexibility may be an essential feature of an adaptive control system 
The ample range of degrees of freedom of the human body gives subjects 
the freedom to adopt orientations, configurations, and movements that 
may be not optimal with respect to healthy controls but who are suitable 
during daily activities m the patients situation. 
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Chapter 5 
AND ELECTROMYOGRAPHIC 
ANALYSIS OF PATIENTS RECOVERING 
LIMB-SAVING SURGERY 
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Until now almost nothing is known about the recovery of functional gait after 
limb-saving surgery, which is a technique employed in patients with malignant 
bone or soft tissue tumors in the extremities (14). Most of the studies have 
been focused on disease or impairment-specific variables or have presented 
only very global information concerning the asymmetry between the 
affected and non-affected leg during gait, however only a few studies are 
focused on the functionality of gait during daily activities (1, 2, 6, io, 12). 
Reduced stance phase knee flexion is a common finding after total knee 
replacement (7,11) Until now it has only been reported m limb-saving surgery 
patients after distal femoral knee prosthesis implants (1). It is logical to 
relate the changes after distal femoral knee prosthesis to local adaptations, 
due to the massive resection of the joint and the ligaments m these 
patients. However, we also see this pattern m patients after limb-savmg 
surgery for the hip. In the recent literature there are no studies addressing 
this item, not even in patients with total hip replacement.The crucial 
question is how specific the reduced stance phase knee flexion pattern is 
and what is the control mechanism by the motor system It is important to 
note that after limb-saving surgery the limb has been changed structurally. 
In these patients massive bone components are removed and replaced by a 
prosthesis. Little is known of how the motor system compensates for such a 
totally changed architecture of the leg. One can speculate about a potential 
reprogrammingof the locomotor process.This reprogrammmg may originate 
from higher neuronal centers. These compensations might be relearned 
responses. The primary aim of the present study is to reveal information 
about the compensations by quantifying the changes m temporal gait 
parameters, muscle activity and knee kinematics during treadmill gait in 
patients with limb-savmg surgery for the knee or the hip. It is argued here 
that the employed measurement procedure will reveal insight into the 




Nineteen patients, twelve male and seven female, with a mean age of 45 
years (range 21-80) who were all treated for malignant bone tumors in the 
lower extremity participated m the study. The study was approved by the 
local committee for medical ethics and all subjects gave their informed 
consent.Two groups were defined: a group that underwent knee surgery (n 
= 9) and a group that underwent hip surgery (n = 10). The knee surgery 
included a reconstruction with a distal femoral knee prosthesis and a partial 
resection of the quadriceps muscles, like medial, or lateral vastus. The hip 
surgery means a reconstruction with proximal femoral or saddle prosthesis 
and a partial resection of the gluteal muscles or tensor fasia lata. None of 
the patients suffered from neurological diseases, or pathology like back pain, 
or arthritis in the contra-lateral leg, which could influence their performance 
All patients had an active range of motion, which should allow normal gait. 
Ten healthy controls, four male and six female, were included, with a mean 
age of 37 years (range 22-61). 
5.2.2 Experimental procedure 
The patients were measured in a gait laboratory, 12 to 24 months after surgery. 
The following gait parameters were determined: preferred walking speed, 
stride time, stance time, swing time, double-limb-support Thin insole 
footswitches were placed m the shoes to detect heel-strike and toe-off of 
both feet.The knee angles of both knees were measured using laterally 
placed electro-goniometers, (Penny & Giles type mi8o).To filter the data of 
the electro-goniometers a second order Butterword filter with a cutoff 
frequency of 10 Hz was used. Bipolar surface electromyographic activity of 
the affected leg was recorded by means of surface electrodes placed on the 
belly of the following muscles of both legs· Biceps Femoris (BF), Rectus 
Femoris (RF) and the Medial Gastrocnemius muscle (MG). The skin was 
prepared by shaving and mildly abrading the electrode site Inter-electrode 
distance was less than 2 cm and no test was initiated if the measured skin 
impedance exceeded 5 k Q.The EMG-signal was (pre-)amplified (by a factor 
m the order of 104 to maximally 106), high pass filtered (> 3 Hz), full wave 
rectified, low-pass filtered (< 3000 Hz) and transferred on-line using an 
AD-converter (sampled at 500 Hz). To enable a proper inter-subject 
comparison of the amplitudes the data of each muscle were normalized 
with respect to the maximal EMG activity during the step cycle. 
Before the experiment started, all subjects were allowed to walk on the 
treadmill to get used to the peculiarities of treadmill walking and to find 
their preferred walking speed.The measurements took place within a time 
interval of 100 seconds. Each measurement consists of at least 80 strides 
(heel-strike to heel-strike) 
To avoid masking of important features of individual responses all individual 
trials and subjects-data were examined prior to averaging The parameters 
were averaged over the complete strides. Step parameters were calculated 
and averaged from the footswitch data. From the kinematics data of the 
knee angles we calculated the peak Range of Motion during the stance and 
swing phase. The angular velocity was the first order differential from the 
knee angle. 
/ ,/ 1 ·* d(AngularDisplacement) 
AngularVeloaty = ;[aeg/sec] 
The analysis was limited to the regions of the maximum and minimum 
angular velocity m the swing phase. The electromyographic activity was 
calculated for each muscle, the data were normalized and averaged and 
expressed as a percentage of step cycle. Statistical analysis of time-dependent 
variables (e.g. knee displacement and angular velocity of the knee) was 
limited to regions of relative maximum or minimum velocity, because 
these were the regions in which differences between subject groups were 
most apparent. A correlation coefficient was determined to measure the 
relationship between the variables. A two-way analysis of variance 
(ANOVA) was performed to analyze the difference between controls and 
patients and between the two patients groups. An α-level of significance of 
0.05 was selected for all statistical tests. 
5.3 Results 
The gait parameters are depicted in Table 5.1. The mean preferred walking 
speed in the patients was 0.7 m/s (so 0.3) while it was 1.1 m/s (so 0.08) for 
the controls.The mean stride duration in the patient group was 1.5 sec. 
(so o 6), which was longer, compared with healthy subjects (mean 11 sec 
(SDOO6)) (ANOVA, ρ < 0 05) AH patients showed a shortening of the stance 
phase of the affected leg compared with the non-affected leg (respectively 
57 (so 4 2)% of the cycle as compared with 62 (so 4 8)%, ANOVA, ρ < ο 05) 
The stance phase of the non-affected leg in patients was longer (62 so 
4 8% step cycle) as compared wi th the controls (57 so 2 6% step cycle, 
ANOVA, ρ < ο 05) For the double-limb support-time we found slightly elevated 
values for the patient groups (mean 14(50 3)%), but no significant difference 
with the controls (mean n(sD 1)%) For none of the parameters mentioned 
was there a difference between hip and knee group 
Table 5.1 
Gait parameters Age (date of measurement), walking speed (m/s), Stance 
phase of the non-affected and affected leg (% of step cycle) and double support 
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5.3.1 Knee angles 
The above mentioned gait asymmetry is also reflected m the kinematic 
parameters of the knee Figure 51 shows typical results of averaged electro 
myographic activity and angular displacement of the knee in two patients 
and a healthy control 
One patient had a tumor in the knee and a resection and reconstruction 
with distal femoral knee prosthesis The other had a tumor m the hip and a 
Figure $.1 
Knee patient Hip patient Healthy subject 
% of Step Cycle X of Step Cycle % of Step Cycle 
The mean and standard deviations of the biceps femoris (BF), rectus femoris 
(RF), mediai gastrocnemius (MC) and knee angle in the affected leg of two 
individual patients and one healthy control. 
resection and reconstruction with proximal femoral hip prosthesis In both 
the knee and the hip patients the angular displacement of the knee 
showed less knee flexion during the stance phase The maximum biceps 
femoris activity in the control subject occurred before initial contact In the 
knee patient this activity shifted towards the beginning of the stance phase 
The knee patient showed a prominent extra burst appearing at end stance 
In the hip patient there was also a prominent burst at the stance-swing 
transition but the peak occurred later, after the onset of swing In the control, 
the rectus femoris was mainly active at initial contact In the knee patient, 
the pre and early swing rectus femoris activity ('swing burst') was dominant 
while the end swing and early stance activity ('stance burst') was much 
more reduced as compared with controls In the hip patient the rectus 
femoris activity started early in the swing phase, reaching its maximum 
activity m the late swing and initial contact In the controls, the medial 
gastrocnemius activity started during the loading response directly after 
initial contact and remained active in mid and terminal stance Furthermore 
in the knee patient there was exceptionally l ittle medial gastrocnemius 
activity during early stance The hip patient showed a more normally medial 
gastrocnemius burst pattern, but still w i th a shorter burst duration than 
the control 
The mean peak Range of Motion during stance and swing of the entire 
patient and control group are depicted m Figure 521η most of the patients 
in the knee group (6 out of 9) slight hyperextension is seen during stance 
The other 3 showed less flexion in the stance phase than the controls 




' significant difference 
the knee during stance phase was 15 degrees (so 5) in the non-affected leg, 
and 30 (so 2 7) in the affected leg Patients after hip-surgery showed 
respectively 100 (so 4 2) and 60 (so 2 5) In the healthy subjects we recorded 
130 (so 2 6) In all patients the Range of Motion in the stance phase was 
significantly lower in the affected leg, compared with the non-affected leg 
(ANOVA, ρ < ο 05) and compared with the controls (ANOVA, ρ < Ο 05) 
The correlation between the walking velocity and the Range of Motion 
during the stance phase in the affected and non-affected leg was weak 
and not significant (respectively r = o 3 3 p = o i 2 r = o o 6 p = o 09) 
The Range of Motion during swing phase in general did not show a difference 
between the knee and hip patients (ANOVA, ρ > 0 05) and between the 
patients and controls (ANOVA, ρ > ο 05) The correlation with the walking 
velocity and the range of motion during swing was high for the affected 
leg (r = 0 7 ρ < ο 05) and weak for the non affected leg (r = ο 46 p= ο 07) 
Figure 5.3 
Angular Velocity of the Knee 
10 20 30 40 50 60 70 80 90 100 
The angular velocity of the knee in two patients. The patient with the affected knee 
is depicted with the solid line (-), the patients with the hip is depicted with the dotted 
line (-), affected leg, non-affected leg) and a control, depicted with a solid line 
To have a closer look to the difference m the swing phase, the angular velocity 
of the knee for the same three individuals as shown in figure 5 2 is depicted 
in figure 531η general a lower angular velocity was seen in both legs of 
the patients as compared to the controls 
In figure 5 4 the peak angular velocity during the swing phase for the total 
patient and control group is depicted Compared to the controls the results 
in flexion and extension for both legs were significantly lower (ANOVA, 
ρ < ο 05) For the knee group the angular velocity for the affected and non-
affected leg was 221 deg/sec (so 49) and, 240 deg/sec (so 51) respectively 
For the hip group it was 191 deg/sec (so 44) and, 228 deg/sec (so 59) 
respectively Although the flexion velocity in the non-affected leg is slightly 
higher for both groups we did not find a significant difference between the 













' significant difference 
significant difference between limb velocities of the patient groups 
(ANOVA, ρ > o 05). The peak extension velocity showed the same tendencies. 
For the knee group the angular velocity for affected and non-affected leg 
was 211 deg/sec (so 49) and, 265 deg/sec (so 80). For the hip group this was 
respectively 240 deg/sec (so 47) and, 265 deg/sec (so 43). One consistent 
finding was that in the patients with knee surgery, on the affected side, the 
flexion angular velocity was higher than the extension angular velocity 
(student-t ρ < 0.05) This finding differs from the hip-group and the healthy 
controls in which the peak angular velocity is slightly higher in extension 
The correlation between the angular velocity and the walking speed was 
high and significant for the extension velocity in swing phase of the non-
affected leg. In the affected leg there was only a modest correlation 
(respectively r = 0.73 ρ < ο 05; r = 0.65 ρ < 0.05). For the angular velocity of 
the flexion m the swing phase the correlation was weak m both affected 
and non-affected legs respectively (r = 0.65 ρ < 0.05; r = 0.55 ρ < ο 05) 
5.3.2 Changes in electromyographic patterns of the affected leg 
The results of the mean electromyographic activity of the mam muscles 
that control the knee have been summarised m figure 5.5 for both patient 
groups. In these means the difference between the patients tended to be 
smoothed compared with the individual examples in figure 5.1,yet the 
same consistent differences were seen. 
For example, the biceps femoris m the knee group showed an activity shift 
of the stance-swing burst towards the swing phase as compared with control 
subjects, who showed this burst always before the start of the swing phase 
(figure 5.5A): In the biceps femoris two main changes were seen. First, both 
in the knee and the hip group the two main bursts of activity occurred at 
the phase transitions (swing-stance and stance-swing) while they preceded 
the transitions in the controls Second, the two bursts (end stance, end 
swing) were more similar m amplitude in both knee and hip patients, while 
m the controls the end swing burst was considerably larger than the end 
stance burst (figure 5.5D). Similarly, m the rectus femoris the normal large 
burst at end of swing was much reduced m the knee and hip patients as 
compared to the controls (figure 5.5B, H). In the hip-patient group, the rectus 
femoris showed more activity during stance and swing (figure 5.5E). For the 
medial gastrocnemius the peak activity was shifted towards end stance m 
both patient groups (figure 5.5C, F, I)· 
Figure 5.5 
Knee patients Hip patients 
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Biceps Femoris (BF), Rectus Femoris (RF) and Medial Gastrocnemius (MG) activity 
in the affected leg of knee and hip patients and the healthy subjects. The electro­
myographic activity is normalised for each individual and expressed as % of 
step cycle. The mean electromygraphic activity of the three groups is depicted 




The aim of the present study was to investigate the changes in knee kinematics 
and muscle activity during treadmill gait in patients after limb-savmg surgery 
Although the patient group is rather heterogeneous the results showed 
that the gait pattern of the patients differed consistently from normal gait 
patterns The patients walked with a lower preferred speed and a lengthened 
stride time, while the double-hmb-support time was normal These findings 
were similar to other studies, not only after limb-saving surgery but also 
after total hip or knee replacement (i, 3, 6,7,9,11,12,16). Our results show 
that the duration of the stance phase of the non-affected leg has lengthened 
as compared to the duration of the stance phase of controls, while the 
stance phase of the affected leg was similar to that of the controls. 
This presumably is consistent with taking over part of the loading function 
of the affected leg. The non-affected leg had to provide support, which lasted 
long enough to allow the swing to be made by the fast leg. In agreement 
with the present study, the data of Dietz et al showed that in limping the 
duration of the swing phase was quite flexible (3). 
One striking result was that in the knee angles some small, but consistent 
changes were seen as compared to the controls. In general, from a kinematic 
point of view, the patients were able to walk with a smooth, unbroken stride, 
and the mam changes in comparison with the controls were seen during 
the stance phase. Here the result of our study was that no differences 
could be found between the knee and the hip group m the kinematic para-
meters of the knee. This is striking, particularly since the damage to the 
locomotor apparatus was very different and the mam changes one might 
have expected concerned knee angles. Furthermore, the reduced knee 
flexion m the stance phase cannot be explained by the lower walking 
speed in the patients group since their was no correlation between the 
range of motion in the stance phase and the walking speed The extensive 
resection of muscles and ligaments at the knee or hip level caused a loss of 
proprioceptive feedback, which normally is very important for the control of 
locomotion (4, 5,8).The loss of proprioceptive input may have contributed to 
the reliance on 'safe' (hyper)extension in the knee during stance. 
Previous studies indicated that such a gait might result from joint stabilising 
co-contraction of the flexor and extensor muscles (1) The present electro-
myographic data are in agreement with this conclusion for the hip group 
Here a co-contraction between the hamstrings, quadriceps and gastrocnemius 
is seen. However, this is not an explanation for the knee group Here the 
electromyographic changes showed different hamstring and less quadriceps 
activity during the stance phase. This is m agreement with Winter et al 
who showed that during pathologic gait there is less muscular activity in 
general (15). Hence, m early stance less knee-flexion is allowed and the 
acceptance of body weight could be swift towards early stance phase (12) 
This position would reduce the demands on the musculature needed to 
prevent the knee from collapsing and reduce the bone-bone contact forces, 
while full knee extension has the advantage of being the most stable 
weight-bearing position (15). 
To obtain smooth foot clearance during normal gait a minimum range of 
motion is needed during swing (8,15). Furthermore, during swing loading is 
not an issue and a normal range of motion of the knee was present in the 
patients.The way m which this was achieved was different in both patient 
groups. In the knee group it seems that the rectus femons plays an important 
role in flexion in the hip to gain a smooth toe-off and to compensate for 
the reduced knee flexion, while the biceps femoris has a task in active 
flexion of the knee. In the hip group the biceps femoris plays an important 
role in flexing the knee m the swing phase, while the rectus femoris is 
silenced m this period 
Our observations, that the extension velocity was lower than the flexion 
velocity during the swing phase of the affected leg in the'knee-group', is 
in agreement with the findings of Tsuboyama et al (12) The range of motion 
and the angular velocity were reduced in the knee not only on the affected 
but also on the non-affected side. This can be fully explained by the lower 
preferred walking speed in the patients when we consider the extension 
velocity. The flexion velocity in the affected leg also showed a positive 
correlation with the walking velocity. However, the non-affected leg showed 
a weak correlation with the walking speed We suggest that this be explained 
by the lengthening of the stance phase, which will lead to a shortening 
and speeding up of the swing phase m this leg. 
The crucial question is: are these relearned responses which are controlled 
by higher neuronal centres or are these lower level peripheral compensation 
mechanisms based on locomotor deficits. We and other studies found a 
lengthening of the stance phase of the non-affected leg as compared to 
the affected leg (1,6,10,12,13) Some adaptations, such as the asymmetry m 
stance phase duration, may be due to low level adjustments. The reason for 
this compensation could be the fact that essential lower limb muscles are 
removed and that it is impossible for the control system to re-organise its 
function. It is also known that load feedback can prolong the stance phase 
even in reduced decerebrate preparations (3) Other adaptations may require 
a higher level of control. For example, the finding that the knee angles were 
relatively similar on the affected and non-affected side (with the exception of 
the stance phase angular displacements) suggest that geometrical constancy 
is aimed for and this is likely to be related to high level programming 
A recent study showed that during treadmill walking these patients rely 
more on visual information and cognitive regulation of the walking (2). 
This finding will also contribute to the higher level control. 
5.5 Conclusion 
In conclusion, it is possible that reprogramming of the locomotor process 
occur.This can be accomplished by altering the patterns of muscle contraction 
as part of an adaptive locomotor program. This reprogramming hypothesis 
has some implications for the clinical management of limb-saving surgery 
patients.lt provides a possible explanation of why some people adapt, whereas 
others have difficulties wi th gait Since we did not measure the electro-
myographic activity of the non-affected leg, it was not possible to test this 
hypothesis exactly for the entire gait pattern Subjects may have, and other may 
not have a sufficient sense of the stability occurring at the knee to fine-tune 
the balance between the quadriceps and hamstring activities using a higher 
level of movement coordination The rehabilitation of these patients should 
be focussed on the relearning of coordinated muscle activity. Directions for 
further research in this particular type of patients should consist of a detailed 
examination of the activation patterns of lower extremity musculature for the 
intact and affected leg. This would provide additional insight into the unique 
motor adaptations made by these patients in both affected and intact legs. 
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6.1 Introduction 
Limb-saving surgery is a surgical technique used in patients with aggressive 
benign as well as malignant bone and soft tissue tumors. In malignant 
tumors the technique may be used in approximately 70% of the cases, 
without violating normal oncological principles (18). At this moment, however, 
it is not clear whether limb-saving surgery, when applied to the lower 
limbs, leads to optimal functional walking capacity in everyday situations. 
Limb-saving surgery should not be seen as only a peripheral problem. 
For example, some loss of proprioceptive input can be tolerated but when 
the loss becomes too large, the system is forced to shift to another control 
strategy (visual or conscious control of movement).This shifting between 
control strategies is essential for the human motor system, because it enables 
the system to function also under non-optimal conditions (8-10). The shift 
takes place during the course of recovery after any serious disruption of the 
peripheral input (after neuromuscular disorders and amputation) (5-7,11). 
In the present article, this concept has been used to study recovery of gait 
after limb-saving surgery. We have focused on gait control under dual-task 
condition and during visual manipulations, because independent and skilled 
walking forms a crucial prerequisite for many daily activities.The performance 
of the patients was compared with the performance of matched controls. 
An example of a 
proximal femoral hip 
prosthesis, a saddle 
prosthesis and a distal 
femoral knee prosthesis 
Table 6.1 
Age, gender, tumor type, tumor stage, tumor ìocation, treatment, adjuvant 
therapy, active range of motion 
Age Gender tumor type stage location procedure reconstruction adjuvant Active RoM 


























































































































































































0 - 1 2 5 
1 0 - 1 2 0 
0 - 1 2 0 
10-110 
5 - 1 2 0 
10 -120 
0 - 1 2 0 
0 - 7 0 
0 -125 
0 - 7 0 
0 - 1 2 0 
0-65 
0 - 9 0 
0 - 50 





1 0 - 1 2 0 
0 - 1 1 0 
0 - 7 0 
0 - 1 2 0 
1 0 - 1 2 0 
(1) distal femoral knee prosthesis 
(2) proximal femoral hip prosthesis 
6.2 Methods 
6.2.1 Subjects 
Ten age-matched healthy controls and twelve patients were included m 
the study. All patients were treated at the Department of Orthopedics, 
University Hospital Nijmegen, for IA to MB malignant musculoskeletal 
tumors of the lower limb (2). During physical examinations in each patient 
the active range of motion in the hip and knee was measured (Table 6.1). 
6.2.2 Experimental protocol 
The gait-analysis techniques have been described m previous publications 
(1,17), therefore, only a brief account is given here. The patients and controls 
walked on a treadmill at their preferred walking speed. Thin insole foot-
switches, placed m shoes, were used to detect heel-strikes and toe-off. 
Subjects were instructed to walk under three conditions. In the first condition 
walking took place under optimal circumstances (no distractors, perfect 
illumination) to establish reference values. In the second condition, the 
subjects had to walk while performing an attention demanding concurrent 
task, the auditory Stroop task (14). This task consists of a voice pronouncing the 
words'high'and'low'either in a high or low pitch. The subjects had to indicate 
whether the pitch was low or high and needed to suppress the tendency to 
repeat the spoken word. In the third condition, vision was restricted by using 
special glasses, with the lower half of both lenses being covered so it was 
impossible to see their feet while walking 
All patients were scored in accordance with the functional evaluation of the 
Musculoskeletal Tumor Society. In each condition, measurements were 
taken during a time interval of 100 s For each walking assessment, the stride 
times derived from each condition were averaged over at least 20 steps 
into a single record: mean stride time. The coefficient of variation 
5D 
mean'ioo% 
as a measure of step- to- step variability was calculated for stride time. 
A multiple analysis of the variance was performed for data analysis. 
6.3 Results 
The follow-up period was 13 to 59 months. Clinical results are depicted m table 
6.1 Examples of prosthesis are shown in figure 6.1. The active range of motion 
in the hip and the knee was m all cases adequate to perform functional flexion 
during walking, except in the two patients with arthrodeses. There was no 
indication that walking was affected by neurological damage. 
For normal walking, the patients had a lower walking speed and a higher 
coefficient of variation than the control subjects during simple conditions 
(table 6.2). In contrast to complex walking, intra-individual stride time 
variability was significant higher than for normal walking, both for healthy 
subjects as well as for patients. 
The analysis of variance showed a significant difference of mean stride 
time between conditions (F= 10 39, ρ < o 005). Post hoc comparison showed 
a significant decrease of mean stride time for dual task (t = 2.89, ρ < 0.05) 
and for reduced vision m the patients (t = 2.54, ρ < 0.05). In healthy controls, 
no significant difference between the three conditions could be observed. 
During complex conditions the mean stride time decreased significantly in 
the patients during the dual task (figure 6.2A) and during visual restriction 
(figure 6.3A), whereas the walking speed remained the same, i.e. the stride 
Table 6.2 
Means, and Ranges for Walking Speed (km/h), Stride Time (sec) and Coefficient 
of Variation. In normai subjects and patients in ali test conditions. 
Healthy Subjects Walking speed Mean Stride time Coefficient of Variation 
Conditions mean range mean range mean range 
Normal Walking 3.8 km/h 3.2-4.0 km/h 1.10 sec 0.98 -1.14 1.67 1.16 - 2.04 
Dual-Task 110 sec 1.01-1.14 2.06 1.07-563 
Restricted Vision 1.10 sec 0.97 -1.13 2.07 1.21 - 5 54 
Patients 













length decreased In contrast, m the controls, such changes only occurred 
occasionally without significance (figure 6 2B and 6 3B) 
No relation was found between tumor type, location, surgical procedure 
and the degree of cognitive and visual dependency Nevertheless, the 
patients with the lowest walking speed had also the lowest functional 
score and the highest coefficient of variation m normal and complex walking 
6.4 Discussion 
The primary aim of the present study was to investigate the reorganization 
process that took place after the surgery To study this reorganization or 
Figure 6.2 
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The mean stride time during normal walking and dual task assessment in 
patients and healthy subjects. Data are normalized with respect to stride time 
re-automatisation, a task-set was designed that enabled the investigator to 
estimate the degree of cognitive and visual involvement m the control of 
gait (10) 
The negative effects caused by limb-saving surgery on gait performance 
found in the simple conditions are a lower preferred walking speed than 
the control subjects and a mean stride t ime and coefficient of variation 
that was higher m most of the patients compared wi th the controls 
However, the data also revealed that they were unable to maintain this 
level of performance when tested under more complex conditions 
Although the walking speed remained the same under complex conditions, 
the mean stride time decreased significantly, 1 e the stride length decreased 
These data can not be explained by fatigue or by the novelty of the treadmill 
Figure 6.3 
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task. Indeed, the effects of cognitive and visual manipulations on gait 
performance were only found under the complex task conditions and not 
under the simple conditions. The findings suggest that patients after limb-
saving surgery rely substantially on their attention and visual system. 
In other words had not recovered sufficiently to allow the new locomotor 
pattern to become automatic. Fitts argued that people pass through three 
stages when acquiring a new skill (4). In the first stage, the person gams an 
understanding of the requirements of the task. In the second stage, specific 
requirements such as the speed, amplitude and force are refined through 
large amounts of practice. During this phase, the person needs attention to 
movement during performance. In the last stage, the motor skill is well 
established and can be performed automatically Against this background, our 
study showed that normal subjects can maintain their walking performance, 
even under conditions of reduced attention or vision because walking is an 
automated skill that can be performed more or less independent of cognitive 
and visual guidance. Patients were substantially hindered by the dual-task 
and visual manipulations.The results suggest that the patients were in the 
second stage of motor skill acquisition and that the preferred gait pattern 
had not become automatic. 
Human walking is a complex skill m which motor, sensory and cognitive 
variables continuously interact in order to overcome the large number of 
anatomical and physiological degrees of freedom within the body, as well 
as the task constraints imposed by the environment Such an interactive 
control architecture enables the system to produce movements that are 
ideally tailored to the goals that have to be reached. Which strategy will be 
selected depends on the complexity and novelty of the task, the skillfulness 
of the performer, the intactness of the motor system and the requirements 
of the environment (8-10). 
Previous studies with respect to the role of vision m human walking showed 
that there is an important influence of the visual system (12). Vision provides 
the only direct measure of self-motion that is useful for regulating speed of 
locomotion and steering In patients with pathology influencing gait, the 
visual system is necessary to maintain a certain level (7,11). In our study, the 
patients were not able to walk in the same manner during the restricted 
visual condition, which is a sign that these patients need full vision to be 
able to compensate for their abnormal gait. The cognitive load on motor 
performance was shown by Morris et al and Geurts et al (5, 6,11). 
Their study showed that m patients with Parkinson's disease and after 
amputation, performance of an attention-demanding task influences the 
gait and balance performance This is in accordance with the results found 
in the present study. To our knowledge, these results represent the first example 
of research in which the role of cognition and vision m the regulation of gait 
performance after limb-savmg surgery has been examined. 
6.5 Conclusion 
In a controlled laboratory setting, the effects of surgical procedures or 
neuromuscular diseases can be detected. In many gait studies, the subjects 
walk on a treadmill under ideal circumstances (no distractors, perfect 
illumination). However, during their daily activities, these ideal circumstances 
were lacking.The present dual task approach was aimed at mimicking 
these more complex situations. 
An important aspect of the present study is that the procedure used enables 
the observer to reveal characteristics of motor performance normally hidden 
for direct observation. For example, the Ennekmg System for Functional 
Evaluation gives only a raw impression of the functional recovery, often not 
in accordance with the subjective experience of the patients 2,13,15,16). 
It is argued here that the information obtained in this way is necessary to 
understand important aspects of central reorganization after limb-saving 
surgery. This consideration has implications for monitoring rehabilitation 
processes and for the assessment of therapy outcome, not only with 
respect to walking but also concerning other forms of gross motor behavior. 
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Chapter γ 
DDIFIED PROPRIOCEPTION 
LEADS TO ALTERED PHASE-TRANSITIONS 
DURING WALKING 




Limb-saving surgery is a technique used in patients with malignant tumors 
of the lower extremity. There is a complete replacement of either the hip 
or the knee in conjunction with a resection of soft tissue (such as muscles). 
This leads to asymmetry in gait, the affected leg showed shortening of 
the stance phase and lengthening of the swing phase, and in the non-
affected leg a reversed situation is seen (i, 10,11,15) 
In normal gait the transition from stance to swing is facilitated by a decrease 
m load receptor input (8). The onset of activity m ankle dorsal flexors such 
as tibialis anterior at the end of the stance phase is an important turning 
point during the step cycle as it introduces the swing phase. This onset 
of tibialis activity also closely follows the reduction of activity in medial 
gastrocnemius (8). 
But the question remains, what happens in limping patients, since here the 
loading and unloading of the legs are different from normal walking. 
In an earlier study on induced limping in healthy subjects it was noticed 
that smooth transitions between the end of the gastrocnemius burst and 
the onset of tibialis were lacking. Instead the subjects tended to synchronise 
the onset of ipsilateral tibialis with the onset of contra-lateral gastrocnemius. 
This makes sense, since now the onset of swing is coupled to the opposite 
leg being ready to support weight (6,7,14). Furthermore it has been suggested 
in these studies that there is a transition from automated alternating 
locomotor-output to a less automated and more voluntary controlled 
co-contraction mode. Patients after limb-saving surgery can almost walk 
normally when they can concentrate on the locomotor task. But they show 
clear abnormalities when they had to perform simultaneously an attention-
demanding task. This means that the gait was less automated (2). 
The question in this study is whether the tibialis anterior and medial 
gastrocnemius linkage is present in limping patients after limb-saving 
surgery. Do the patients use a similar compensating strategy as seen in the 
healthy subject when limping on a split belt ? If so this might be an 
explanation for the deterioration of gait automatism. 
7.2 Methods 
7.2.1 Subjects 
19 subjects, aged between 22 and 64 years (mean age, 45 years), after limb 
salvage of the lower extremity (9 patients were treated for a knee tumor 
and 10 patients were treated for a hip tumor) were measured in our gait 
laboratory Patients were 16 months to 4 years postoperative A careful 
patient selection was made, to ensure that the tibialis anterior and medial 
gastrocnemius must be not involved in the surgery Ten healthy age matched 
controls were included in this study for reference values The local ethical 
committee gave ethical approval 
Figure 7.1 
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Graph of mean medial gastroe (MC) and tibialis anterior (TA) activity of the 
patients affected (aff) and non-affected (naff) leg and controls. The traces of 
the TA are plotted inverted 
7.2.2 Materials and procedure 
Insole footswitches were used to detect heel-strike and toe-off Bipolar 
surface electromyographic activity was recorded by means of surface 
electrodes placed on the belly of tibialis anterior and medial gastrocnemius 
of both legs. The patients and controls walked at their preferred speed on a 
treadmill Before the experiment started the subjects were allowed to walk 
in order to adapt to treadmill walking and to find their preferred walking 
speed. The measurement time was 100 seconds. 
7.2.3 Data Analysis 
The electromyographic signal was amplified (bandwidth 10-1000 Hz),full 
wave rectified and transferred on-line using an AD-converter (sampled at 
500 Hz). In each subject at least 20 subsequent step cycles were selected for 
calculating onsets, means and standard deviations of the electromyographic 
patterns. The electromygraphic traces were normalised to a 100% time 
scaling of the step cycle. The beginning and the end of the tibialis anterior 
and medial gastrocnemius burst were visually identified in the traces. 
Significant burst activity was more than twice the standard deviation above 
background activity 
7.3 Results 
7.3.1 Gait asymmetry 
The mean walking velocity and stride duration was respectively 2.8 k m / h 
(range 1.2 to 4.0 km/h) and 1.29 sec (range 1.06 to 2.35 sec) for patients. 
For controls the average velocity was 3.8 k m / h (range 3.2 to 4.0 km/h) and 
the mean stride t ime 1.10 sec (range o 98 to 114 sec). All patients showed 
substantial asymmetry. The stance phase of the affected leg was 0.85 sec 
(range 0.54 to 1.09) which is 5 % shorter compared wi th the stance phase 
of the non-affected leg o 92 sec (range 079 to 1.74) and for the swing 
phase a reversed situation was seen (6 % longer).The limpmg-mdex ranged 
between 0.76 and 098 
7.3.2 EMC difference between affected and non-affected leg 
The mean electromyographic envelope of the medial gastrocnemius and 
tibialis anterior, both on the affected and non-affected side, differed from 
Figure 7.2 
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Graph of the relationship between end of the support phase and offset of medial 
gastrocnemius activity in the controls (gmcon), the affected leg (gmaff) and non-
affected leg (gmnaf) of the patients and onset of tibialis anterior activity in the 
controls (tacon), affected leg (taaff) and non-affected leg (tanaf) of the patients 
the envelopes (shape of the bursts) as found m controls (Figure 71) 
The general findings demonstrated in this figure are that the medial 
gastrocnemius and tibialis anterior activity patterns of the non-affected 
side resembled more closely the activity patterns of the affected side than 
the patterns of the controlsThis applies to the medial gastrocnemius, 
where the position of the peak activity within the step cycle occurred in the 
patients significantly later in the step cycle and is shifted towards late 
stance as compared to the controls (affected leg 45 ± 1%, ρ < o 05, non affected 
leg 40 ± 2%, ρ < o 05, controls 25 ± 1%) 
The medial gastrocnemius on the affected side showed an extension of 
activation during the swing phase m both knee and hip patients It can be seen 
in figure 72 that the end of medial gastrocnemius activity nearly coincided 
with the onset of tibialis in the controls This was also observed m the 
non-affected leg of the patients In contrast, the end of the gastrocnemius 
activity m the affected leg occurred significantly later in the step cycle, after 
support-swing transition The t iming of the tibialis onset in relation to the 
support-swing transitions has not changed However, m the non-affected 
leg the tibialis onset is significantly later m the step cycle as compared to 
the controls and the affected leg These changes lead to a co-activation 
pattern between both muscles in the affected leg in 15 patients with more 
than 5% co-activation (ranged 6 - 35% of the step cycle) around stance-swing 
Figure 7.3 
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Co-activation between the ipsilateral tibialis anterior with the contralateral 
gastrocnemius. In a healthy subject (A) and a patient (B) 
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Coupling between the onset of activation in MC (affected and non-affected) and 
TA (affected and non-affected) for each individual patient. The wean onset of MC is 
normalised to the TA onset and depicted for each individual patients (i-ig) and 
ranked from low to high limping index. Number 20 is the mean TA onset and MC 
offset in the healthy controls 
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transition In contrast, the controls showed no co-contraction around this 
transition but instead there was a smooth transition between the end of 
the gastrocnemius burst and the onset of the tibialis burst In patients such 
co-contraction was the rule 
7.3.3 Coupling between the two legs 
To get more insight in the mter-limb-couphng we investigated the onset of 
the ipsi-lateral tibialis and the onset of contra-lateral medial gastrocnemius 
In the control a tight coupling was seen between the ipsilateral tibialis and 
the contra-lateral gastrocnemius (Figure 73 A) The patient m this figure, 
also show this coupling When looking m detail to the total patient group, 
several patients showed coupling between tibialis anterior onset of the 
affected and non-affected leg and the contra lateral medial gastrocnemius 
onset This coupling was symmetrical, even though walking was asymmetrical 
However, this was not found in all the patients In figure 74 the onset of 
gatrocnemius activity of the affected and non-affected leg was normalised to 
the tibialis onset The patients are depicted in a rising order of limping 
index In controls the onset of medial gastrocnemius is on average by 5 % 
(so o 04) of the step cycle later than tibialis anterior onset, indicating a 
tight coupling Only 8 out of the nineteen patients had a normal or nearly 
normal tibialis and gastrocnemius activation as compared to the controls 
(a shift of less than 5 % of the step cycle plus 2 so), indicating that these 
patients used contra-lateral coupling The onset of the medial gastrocnemius 
had a weak and non-significant correlation with the asymmetry (see figure 
Figure 7.5 
Onset CM affected and non-affected leg versus limping 
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Limping index 
The correlation between MG offset of the affected and non-affected leg with the 
limping index. The rounds are MC of the affected and the squares are the MC of 
the non-affected leg 
75)· If the limping index was low (more limping) the affected leg showed 
gastrocnemius activity before tibialis onset, when the limping index was 
high (less limping) the affected medial gastrocnemius has activity after 
tibialis anterior onset The non-affected leg showed a reversed situation. 
7.4 Discussion 
The mam question m this study was if the automated switch between 
tibialis anterior and gastrocnemius medialis at the support-swing transition 
has changed in patients after limb salvage. Normally during symmetric gait 
the onset of tibialis activity at the end of the stance phase is tightly coupled 
to the offset of gastrocnemius activity. This was found m all control subjects 
However, the patients did not show this coupling. In the affected leg most of 
the patients showed co-activation between tibialis and medial gastrocnemius. 
Presumably such co-contraction provides better stability, as is required for a 
limb for which the postural demands predominate. Indeed kmesiologic 
data show that there is a reduction m knee angle range of motion on the 
affected side (i). During normal walking the smooth transition between 
end gastrocnemius activity and onset tibialis activity is presumably related 
to the automatic switching between end support and onset swing (6). 
The fact that the tibialis activity follows the end of gastrocnemius activity 
suggests that loading of extensors reinforced the extensor activity and 
prevent the switch to onset activity in flexor muscle (3-5,8). The present 
data suggest that m asymmetric gait there is a transition from automated 
switching control to a gait mode in which postural stability requirements 
predominate and co-contraction is prevalent.This preliminary conclusion is 
in line with our previous observation that post limb salvage patients find it 
difficult to combine gait with a second attention-demanding task (2). 
In the latter study it was shown that these patients rely heavily on visual 
information and on cognitive resources to maintain a given level of gait 
performance. However, m the non-affected leg there was a period of muscular 
silence around the stance swing transition m some cases. This means that 
the requirement of postural stability cannot complexly explain the results 
The patients showed a re-organisation of the stride cycle, resulting m limping 
This was achieved by a relative shortening of the duration of the support 
phase and a lengthening of the swing phase in the affected leg, and vice 
versa in the non-affected leg. This limping leads to changes in the loading-
unloading pattern of the leg, resulting in changes of the activity of the 
extensors which are under control of loading, for example the medial 
gastrocnemius. And limping also leads to changes m the activity of the 
flexors, which are under control of unloading, for example the tibialis 
anterior. The shortening of the support phase, the loading phase, leads 
in general to an increase in duration of the gastrocnemius activity 
These results are m agreement with the finding during split belt locomotion 
(6,14) The shortening of the support phase will lead to an earlier onset and 
an increased gastrocnemius activity, m order to achieve early push-off. 
The medial gastrocnemius activity of the non-affected resembles more closely 
the activity pattern of the affected leg. Note that this is partially based on 
the difference m walking speed (9). 
Our results show that mter-limb-coordmation seems more important m 
limping than the control of loading-unloading of the leg. The medial 
gastrocnemius of the affected leg shows a tight relation with the activity 
of the tibialis in the non-affected leg. Its is suggested that m these patients 
the affected leg redirects the stance and swing duration of the non-affected 
leg. This leg must provide support, which last long enough to allow the 
contra-lateral swing to be made. 
As can be seen in the results the above mentioned conclusions are not the 
case for all the patients. The uncoupling is in tight relation with the ipsilateral 
leg has a correlation with the amount of limping.This correlation was no 
significant but the trend was worth mentioning. Here knee and hip-
propnocepsis may play an important role, while they have been strongly 
linked with peripheral control of locomotion. There are some investigators 
who showed that the role of hip afférents can initiate the swing phase (12,13) 
7.5 Conclusion 
It is difficult to analyse the role of loading in the regulation of gait in patients 
after limb-saving surgery. However, in general one may say that mter-limb-
coordination predominates, while it seems that the affected limb effects 
the muscle activation and the time-space behaviour of the non-affected 
limb Since this is not the case in all the patients, we conclude that the 
central control can overrule peripheral control. This is m Ime with a previous 
study, that showed that the automaticity of walking no longer exists in 
these patients. This conclusion has several clinical implications for these 
patients, since the rehabilitation goal m this particular patients group is 
always focussed on the symmetry of gait This study suggest that focussing 
on the inter-limb coordination in the course of rehabilitation may yield better 
results m walking capacity. 
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In everyday life, avoiding or stepping over an obstacle is a skill that has to 
be used many times a day both in- and outdoors These obstacles can 
impose a serious threat to patients with disturbances of the motor system. 
Many studies have already focussed on the control of gait during obstacle 
avoidance in young and elderly healthy subjects (1-16, Weerdesteyn in press, 
2003). The general conclusion out of these studies is that healthy subjects 
and patients can clear an obstacle, without falling, provided that they have 
enough time to anticipate. The subjects are able to change the normal step 
pattern into one that is suitable enough to clear the obstacles This is 
normally arranged m two steps or less m front of the obstacle. Patients 
with a below knee amputation were able to clear an obstacle m the same 
way as healthy subjects but with a reduction in the range of motion of the 
affected knee as a compensatory strategy (17). 
For stepping over an obstacle two different strategies have been described 
(4). The Short Step Strategy, when the subject makes a short step m front 
of the obstacle prior to crossing it. In contrast to this a subject can make a 
single long step to cross the obstacle: the Long Step Strategy. Adults preferred 
the long step when the available response time (ART) was 400 ms or more. 
The short step was used when the ART was 350 ms or less (3-4,11, 
Weerdesteyn, in press 2003). 
Limb-saving surgery is a technique used in patients with malignant bone 
or soft tissue tumors of the extremities (18). In these patients massive bone 
components are removed and replaced by a prosthesis, an allograft or a 
composite of both. Furthermore, an extensive part of the muscular system is 
removed to accommodate oncologic margins.This affects the gait performance 
(19-22) In general, patients have a shortening of the stance phase of the 
affected leg as compared to the non-affected leg. All patients, regardless 
whether they have a hip or knee prosthesis, showed less knee flexion 
during the stance phase of the affected leg. Furthermore the patients have 
lost some of the automaticity of gait during normal walking. Since patients 
after limb-saving surgery are community ambulators, it is important that 
they are able to step over obstacles. Until now, little is known about the 
way m which disturbances influence the stepping performance of these 
patients especially when they have to step over an obstacle. 
For this we provide a study m which these kinds of patients had to step 
over a suddenly appearing obstacle. The aim of this study is to find out if 
post limb-saving patients are able to step over a suddenly appearing obstacle. 
Are these patients able to rearrange their stride when they are confronted 
with an obstacle during gait? Do these patients use the same strategy as 
healthy controls? Are there differences in the movements of the knee in the 
affected or non-affected leg? 
8.2 Methods 
8.2.1 Subjects 
We included 13 patients (seven males, six females), ranging in age from 16 
to 66 years, treated at the department of Orthopedics University Medical 
Center Nijmegen, for malignant musculoskeletal tumors of the lower 
extremity. Seven patients were allowed for treatment of hip tumors and 6 
for treatment of knee tumors (table 8.1). They participated in the experiment 
twelve months to 4 years after their operation. Six healthy controls, 2 males 
and 4 females ranging in age from 22 to 51 years with an average of 35 
years, were included.The local committee for medical ethics approved the 
study and all subjects gave their informed consent. 
8.2.2 Experimental set-up 
The subjects had to walk on a treadmill. A bridge, to which an electromagnet 
was attached, was placed over the front of the treadmill. An obstacle 
(length, width, and height: 40.0,30.0,1.5 cm, respectively) was held by the 
magnet approximately one meter in front of the subjects left leg (figure 
8.1A). A trigger given by the computer at a pre-programmed time-point 
after heel strike of the left foot could drop the obstacle on the treadmill in 
front of the left (ipsilateral) foot. Two horizontal colored markers placed on 
the floor just next to the belt of the treadmill gave visual feedback to the 
subjects about their anterior-posterior walking position They were instructed 
not to cross the line between the markers with their toes. Before every trial 
they were instructed to check and correct their position if necessary, because 
deviation would result m a shift of the phase of the step cycle in which the 
obstacle fell.The available response time, defined as the time span 
between the moment that the obstacle fell and the moment when the 
toes would touch the obstacle if no alteration of the stride were made, 
Table 8.1 
Patients characteristics 
Age Gender tumor type stage location 
1 66 Female Chrondrosarcoma Ι Β Left acetabular 
region 
2 19 Female Chrondrosarcoma IΒ Left i leum 
and proximal 
femur 
3 55 Female Liposarcoma II Β Left gluteal 
region 
4 38 Male Ciantcell t u m o r II A Left proximal 
femur 
5 29 Female Ewmg sarcoma 
6 16 Male Osteosarcoma 
I Β Left proximal 
femur 
Il Β Left proximal 
femur and 
pelvis 
7 24 Female Osteosarcoma MB Right i leum 
8 21 Male Osteosarcoma MB Left distal 
femur 
9 37 Male Chrondrosarcoma I A Left distal 
femur 
10 26 Female Ciantcell t u m o r II A Left distal 
femur 
11 45 Male Chrondrosarcoma II A Left distal 
femur 
12 35 Male Osteosarcoma IIB Right distal 
femur 
13 50 Male Chrondrosarcoma MB Right distal 
femur 
(1) d i s t a l f e m o r a l k n e e p r o s t h e s i s . 
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varied between 200 and 500 msec. Within these response times various 
step strategies can be chosen (Weerdesteyn 2003, in press).The movements 
of the subjects were recorded on analog video (25 Hz) during the experiment. 
The camera was placed on the left side of the subjects Insole footswitches 
placed in gymnastic shoes were used to detect heel strike and toe-off of 
both feet.The knee angles of both knees were measured using laterally placed 
electro-goniometers 
8.2.3 Expérimental protocol 
Before the experiment started, the subjects were allowed to walk on the 
treadmill to get used to treadmill walking and find their preferred walking 
speed.The electro-goniometers were calibrated in an up-right standing 
position. During the experiment the subjects looked at the approaching 
obstacle (in front of their left leg) and were instructed to step over it with 
their left leg (from now on defined as ipsilateral leg).Three phases within 
the step cycle were chosen at which the obstacle was released (late stance, 
mid swing and early stance; figure 9.1).These phases were based on the heel 
strike of the ipsilateral foot. The experiment contained a total of 60 trials 
The obstacle was released 10 times at each of 3 phases. In addition, 10 
times at each of the 3 phases the obstacle was not released to get refe-
rence values for the control step. All the trials were randomly distributed 
among the 60 trials. Data were recorded at every trial during a time interval 
starting 100 ms prior to the triggering of the electromagnet and continued 
for 2000 ms, with a sample frequency of 500 Hz. 
8.2.4 Data analysis and statistics 
The video analysis was used to make a raw classification in the type of stride 
strategy the subject chose. Furthermore, the video analysis was used to 
detect the failure trials, defined as either a contact of the ipsilateral foot with 
the obstacle or as placing this foot aside from the obstacle. The foot switches 
and the goniometers were used to calculated the basic gait parameters, 
namely preferred walking speed, stride time, stance and swing duration of 
both ipsi- and contralateral leg, the range of motion and the angular velocity 
of the knee ipsi- and contralateral knee. The averages of the parameters 
were calculated for each condition and for each subject individually. 
From the kinematic data of the knee angles, we calculated the peak range 
of motion during the stand and swing phase ([maximum flexion angle -
maximum extension angle]).The angular velocity (AV) was a first-order 
differential from the knee angle: 
angular velocity = a(anguiar- displacement): = [deg/sec]) 
i 
The analysis of the angular velocity was limited to the regions of the 
maximum of flexion and extension of the swing phase. 
The differences between stance and swing phase during stepping over the 
obstacle and the control step were expressed as percentage of the control 
step. We have analyzed the pre-crossing stance (stance ipsi) and the 
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Experimental set-up. The electromagnet is attached to a bridge over the treadmill 
in front of the subject's left foot. When the electromagnet is switched off, after a 
trigger from the computer, the obstacle falls on the treadmill in 3 phases: late 
stance (Lst), mid swing (Msw), and early stance (Est). The solid rectangle represents 
the obstacle, (left side of the figure). Stance ipsi is the stance phase of the 
ipsilateral leg before obstacle crossing. Swing ipsi is the swing phase of the 
ipsilateral leg during obstacle crossing. The measurement started 100 msec prior to 
the triggering of the electromagnet and continued for 2000 msec 
swing (swing contra) and stance (stance contra) of the contralateral leg. 
We distinguished three ways of stepping over the obstacle with the ipsilateral 
leg. a normal stride, long stride and a short stride. The definition of the 
above mentioned strides was based on the comparison between the stance 
and swing duration of the crossing cycle (stance and swing ipsi, see in f ig 
8.1) and the preceding control step. If the difference between a step over 
the obstacle and the control step was between a value of twice the standard 
deviation it was defined as a normal stride. When the step was longer (and 
the difference between the step over the obstacle and the control step was 
more than twice the standard deviation) it was a long stride. When the 
step was shorter it was a short stride. 
The parameters were stratified per group and a one-way analysis of variance 
(ANOVA) with posthoc tests (Bonferrom) was used for analyzing the difference 
between the three groups (hip, knee and control). For some analysis the 
data of the non-affected and the affected leg were taken separately and 
compared by paired T-test. A one-way ANOVA wi th posthoc tests (Scheffe) 
was performed to analyze the differences between the 5 groups (hip with 
left or right prosthesis, knee with left or right prosthesis and control). A Chi-
square was performed to analyze the chosen stride m the 5 groups as men­
tioned. A p-value lower than 0.05 was considered to be statistically 
significant. 
8.3 Results 
During normal walking, the speed of the patients was slightly lower than 
of the controls, but the difference was not significant (table 8.2). 
Nevertheless, all the patients showed a lengthening of the stride duration 
as compared to the healthy controls (ANOVA: ρ < 0.05). The stance t ime of 
the affected leg was significantly shorter as compared to the non-affected 
leg (paired T-test: ρ < 0.05).The stance time of the affected leg in the hip-group 
was significantly shorter than that m the knee-group (ANOVA: ρ < Ο 05). 
In figure 8.2 the angular displacement of the knee and the angular velocity 
of the knee m a control step is depicted for an example of the 3 groups, 
namely a healthy subject, a patient with an ipsilateral hip prosthesis and 
one with an ipsilateral knee prosthesis. In the hip patient it is seen that the 
angular displacement of the knee differ from that of the healthy subject 
since there is only flexion in the stance phase starting directly after heel 
strike In the patient with a knee prosthesis the pattern is more comparable 
wi th the healthy control except for the stance phase where less knee 
flexion is seen (stiff knee gait) 
To get more insight in the total group the maximal range of motion during 
stance and swing is shown in table 8 3 Since the velocity was not different 
between the groups, it was possible to compare them for the knee kinematics 
As expected, the range of motion of the knee in the patient with a knee 
prosthesis was significantly smaller on the affected side than on the non-
LS 
Figure 8.: 
An example of the left 
knee angle and angle 
velocity as function of 
time, when the subjects 
step over the obstacle in 
a normal stride; healthy 
control (Control), patient 
with a left hip prosthesis 
(Hip), patient with a left 
knee prosthesis (Knee). 
Knee Angle Knee Angle Velocity 
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affected leg both during swing and stance (paired T-test ρ < ο 05) In contrast, 
in the hip-group the range of motion was significant larger in the affected 
leg during swing phase and no difference was seen during stance phase as 
compared to the non-affected leg In the affected leg the range of motion 
of the hip-group was significantly larger than in the knee-group during the 
Table 8.2 
Normal gait parameters 
Age Walking 
(date of speed (kl 
measurement) 
π Mean (range) Mean 
Knee 6 36 (21-50) 3.5 
Hip 7 35 (16-66) 3.2 
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swing phase In the non-affected side this was not seen (ANOVA- ρ < 0.05) 
On the non-affected side, the range of motion of the knee was significantly 
larger m the patients during the swing phase as compared to healthy controls 
(ANOVA: ρ < 0.05). During stance, the range of motion of the non-affected leg 
differed significantly in the three groups (ANOVA- ρ < 0.05). The knee-group 
showed a larger range of motion during stance as compared to the control­
and hip-group 
The maximum angular velocity (MAV) showed clear differences as well 









































decrease of the MAV during extension m swing phase (paired T-test: ρ < 
o.os). During flexion, the MAV of the affected leg in the knee-group was 
the same in swing phase as compared to the non-affected leg.This was in 
contrast to the hip-group where the MAV had decreased significantly 
during flexion (paired T-test- ρ < ο 05). 
On the non-affected side, the MAV was higher during extension than 
during flexion in swing phase in all the three groups (paired T-test. ρ < 0.05) 
In the hip-group, during extension a significantly higher MAV was seen 
than m the knee- and control-group. 
8.3.1 Choice of strategy 
In most of the trials, the Short Step Strategy was chosen by the control-
group (47.8%), followed by the Normal Step Strategy (32.7%) and finally the 
Long Step Strategy (19.5%). In general, m the patients group with a left 
prosthesis the Normal Step Strategy (hip 47.2% and knee. 57.1%) was common 
while the Long Step Strategy (36.4% and 26.8%) was the second choice 
The Short Step Strategy (50 0%) was the preferred choice of the only 
patient m the hip-group with a right prosthesis. On the other hand, the 
patients in the knee-group with a right prosthesis preferred the Normal 
Step Strategy (82.8%). To get more insight m the type of surgery and the 
chosen strategy a Chi-square test was performed. In general a significant 
relation between the choice of strategy and the site of surgery was seen 
(p < 0.05). However, if the patients with a left hip prosthesis were compared 
Table 8.4 








































to the patients with a left knee prosthesis there was no significant relation 
in the choice of strategy, just as in the healthy controls versus the hip-patient 
with a right prosthesis (figure 8.3). Furthermore,from figure 4 it became 
clear that a relation is seen between the phase of the left leg, in which the 
obstacle was released, and the choice of strategy in the different groups. 
Whereas the Short Step Strategy was the most chosen strategy during late 
stance phase, when the obstacle was released, it was the Normal Step 
Strategy during mid swing phase and the Long Step Strategy during early 
stance phase. 
8.3.2 Normal Step Strategy 












Uut ,• .• ,1 
hip left hip right knee left knee light 
control hip left hip right knee left knee right ilrol hip left hip right k n « left knee right 
Four pictures are shown of the percentage (%j of chosen strategy in the three 
groups, whereas the hip- and the knee group is divided in a group with a left 
prosthesis or right prosthesis. The large one is a totai overview and is split up in 
the three phases, when the obstacle was released 
the swing phase duration of the left and right leg was not different as 
compared with the control step (between (-4.6) and 3.2 %) (figure 8.4). 
However, the knee-group with a prosthesis on the right side showed a 
significant shortening during the swing phase of the right leg of 1.0% 
compared with the healthy controls (0.8%) (ANOVA: ρ < 0.05). In the hip-patient, 
wi th a prosthesis on the right side, a significant shortening of 2,9% was 
seen during stance phase of the right leg as compared to the healthy controls 
(1.3%) (ANOVA: ρ < cos). 
The RoM increased during the stance of the right leg (0.1 - 3.6 deg) and the 
swing phase of the left leg (9.6 deg -14.2 deg). In the swing phase of the 
right leg all the groups showed a slight reduction of the RoM (1.8 - 0.1 deg), 
just as there was a slight change in the RoM during the stance phase of 
the left leg ((-0.3) - 0.8 deg). 
Figure 8.4 
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The Normal Step Strategy: differences in duration of the stance and swing time, 
when the subjects stepped over the obstacle, expressed in percentage of the 
control steps 
In general, the MAV was higher during flexion m the left and right leg 
respectively 51 -144 deg/sec and 3 - 57 deg/sec In extension, the MAV of the 
left leg varied between (27 - 84 deg/s), whereas m the right leg the MAV did 
not change much ((-27) -10 deg/sec) The patients with a left hip- or knee 
prosthesis showed a increasing of the MAV during flexion of the right leg 
m swing phase (hip and knee respectively 7 deg/sec and 3 deg/sec) which was 
significantly lower as compared to the controls (25 deg/sec) (ANOVA ρ < o 05) 
In the left and right hip-group the MAV was increased during flexion of 
the left leg in swing phase (left hip and right hip respectively 89 deg/sec 
and 144 deg/sec) which was significantly higher as compared wi th the 
controls (51 deg/sec) (ANOVA ρ < o 05) The MAV during extension of the left 
leg was significantly increased m the patients wi th a left hip prosthesis 
(68 deg/sec) and with a right knee prosthesis (84 deg/sec) as compared 
to the controls (27 deg/sec) (ANOVA ρ < O 05) 
8.3.3 Long Step Strategy 
During the Long Step Strategy, all the groups showed a lengthening of the 
stance phase of the right leg and the swing phase of the left leg as compared 
to the control step (respectively 41 -15 3% and 11 o-15 9% Small changes were 
seen during the left stance and right swing phase (respectively (-1 3) -1 7% 
and (-13)-21%) (figure 8 5) 
In general, the RoM of the stance phase m both legs (left leg (-03) -1 2 deg, 
right leg (-2 2) - 5 2 deg) and swing phase m the right leg ((-11) -1 4 deg) did not 
change much Note that the RoM in the right leg was increased significantly 
(5 2 deg) m the hip-group with a left prosthesis as compared to the controls 
(-0 5 deg) (ANOVA p < 0 0 5 ) During the swing phase of the left leg the ROM 
was increased (01 -15 2 deg) With an increase of 3 2 deg m the hip-group 
with a left prosthesis and 01 deg m the hip patient with a right prosthesis, 
it was significantly lower as compared with the healthy controls (15 2 deg) 
(ANOVA ρ < o 05) 
Overall, the MAV m the right leg was changed during flexion and extension 
respectively (-19) -15 deg/sec, and (-16) - 5 deg/sec) The MAV m the left leg 
was higher during flexion ((-1) - 26 deg/sec), whereas it was reduced during 
extension (62 -14) deg/sec) 
8.3.4 Short Step Strategy 
In the Short Step Strategy a decrease was seen m the stance phase duration 
Figure 8.5 
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The Long Step Strategy: differences in duration of the stance and swing time, 
when the subjects stepped over the obstacle, expressed in percentage of the 
control steps 
of the left leg and the swing phase duration of the right leg, respectively 
19.0 -13.0% and 16.5 - 5,1%. Whereas there was only a small change in the 
swing phase duration of the left leg ((-1.9) - 2.4%) and a little decrease in 
stance phase duration of the right leg (7.1 -1.6%). The swing phase duration 
of the right leg was lower in the patients (except the hip patient with a 
right hip prosthesis), but not as much as compared with the healthy controls 
(16.5%) (ANOVA: ρ < 0.05) (figure 8.6). 
In general, during swing phase the RoM in the right leg was decreased 
(6.0 - 3.1 deg) and in the left leg increased (7.5 - 23.8 deg). Except in the 
knee-group wi th a right prosthesis where the RoM in the right leg was 
significantly increased (3.4 deg) as compared to the controls ((-5.2) deg) 
(ANOVA: ρ < ο.05). In the hip patients with a left prosthesis the RoM was 
increased in the left leg during swing phase (7.5 deg), which was significant 
lower as compared with the controls (14.2 deg) (ANOVA: ρ < 0.05). During the 
stance of the left leg only the knee-group with a right prosthesis showed a 
decreasing of -6.0 deg of the RoM, while the other groups showed an 
increasing of the RoM (0.2 - 9.2 deg), but not significantly. On the other 
hand only the RoM in the healthy controls was decreased during stance 
phase of the right leg (1.2 deg), which was only significant compared to the 
knee-group (prosthesis on left side: 6.2 deg; prosthesis on right side: 8.9 
deg) (ANOVA: ρ < 0.05). 
Overall, the MAV was increased during flexion (left leg: 65 -177 deg/sec; 
right leg: 63 -151 deg/sec) and extension (left leg: 29 - 238 deg/sec, right 
leg: 1 -148 deg/sec). In the right leg, the patient with a right hip prosthesis 
showed a significantly higher MAV during flexion (151 deg/sec) as the controls 
(73 deg/sec), whereas the patients with right knee prosthesis showed a 
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The Short Step Strategy: differences in duration of the stance and swing time, 
when the subjects stepped over the obstacle, expressed in percentage of the 
control steps 
(51 deg/sec) (ANOVA: ρ < 0.05). In the left leg of the patients with a left hip 
prosthesis the MAV was increased during flexion (65 deg/s) and extension 
(30 deg/s), but significantly not as much as compared with the controls 
(136 deg/sec versus 113 deg/sec) (ANOVA: ρ < 0.05). In the patient with a hip 
prosthesis on the right side the MAV of the left leg was during extension 
increased (29 deg/sec), which was significantly lower, whereas the patients 
w i t h a knee prosthesis in the right side showed a significantly more 
increased MAV (238 deg/sec) as compared with the controls (ANOVA: ρ < Ο 05). 
8.4 Discussion 
The aim of the present study was to investigate which strategy patients 
after limb-saving surgery use to step properly and save over an obstacle as 
compared to normal, age-matched healthy subjects. These patients were 
treated with mega-prosthesis for malignant bone tumors at hip or knee 
level (21). Different kinds of surgery that were performed (knee- or hip 
prosthesis) among the different stages of tumors and types of treatment 
(muscle- and joint resection, chemotherapy, radiation therapy) caused a lot 
of heterogeneity among the patient groups. Despite this fact, we found 
interesting similarities in clearing the obstacles between the patients m 
the hip-group and the patients in the knee-group. Recent literature about 
gait after limb-saving surgery reported that the type of surgery causes 
kinematic problems during gait (6,7) The patients showed a lengthening of 
the stance phase in the non-affected leg and a reduced knee flexion in the 
stance phase of the affected leg (especially in the patients wi th a knee 
prosthesis), our data confirm this. 
In general all patients were able to step over the obstacle, using a smooth 
stride, without making failures. In the limb that steps over the obstacle, 
irrespective of the used strategies, an increase m angular displacement of 
the knee is seen together with an increased angular velocity during flexion. 
Increasing the angular velocity of the knee can produce functional shortening 
of the limb by acting directly on the knee and indirectly increasing the 
angular velocity at hip and ankle (i).This will result in more flexion m the 
hip and knee of the crossing limb. Note that during the Long Step Strategy, 
the RoM was less increased and the MAV less increased during flexion and 
decreased during extension m the patients The right leg must provide a 
stable support when the left leg was crossing the obstacle. We should 
expect that the patients reach this by lengthening the stance phase and 
the angular displacement of the knee should be reduced. In general, the 
patients have a lengthened stance during Long Step Strategy and a slight 
increase or slight decrease of the angular displacement of the knee during 
stance. Especially the increase in angular displacement of the knee will 
lead to an unstable position (i). 
This is the first study to analyze the strategies used by patients after limb-
saving surgery to adjust their gait in order to step over an obstacle 
Once the obstacle was released by the electromagnet the patients were 
forced to adopt one of three strategies: either they had to shorten their 
step, make a normal step, or lengthen their crossing step. In a study of 
Chen two strategies were described namely the short step strategy, where 
the pre-crossmg step is shortened, followed by a crossing step (3) In the 
long step strategy the crossing step is lengthened. Note that m this study 
the step length is used. The patients in our study show three different 
strategies based on the stance and swing of the left leg as compared to a 
normal step; the Normal Step Strategy, the Long Step Strategy and the 
Short Step Strategy. Compared to the results of Chen the Normal Step 
Strategy can be a modification of the Long Step Strategy, but there is a 
clear difference. In the Normal Step Strategy the angular displacement is 
increased during left swing and complementary the angular velocity is also 
increased in flexion and extension. This increase in angular displacement is 
also seen during the long step strategy. However, here the time to step over 
the obstacle is longer and results in a less increase of angular velocity during 
flexion and a decrease of angular velocity during extension. We conclude 
that the Normal Step Strategy is not part of the Long Step Strategy 
The patients use the three strategies as compared with the controls, but the 
Short Step Strategy was used much less, except the only patient with a hip 
prosthesis on the right side, who used more the Short Step Strategy just as 
the healthy controls. For the choice not to choose the Short Step Strategy, 
several reasons can be mentioned. In the first place by using the short step, 
the patients place themselves at risk for a self-initiated fall caused not by 
physical contact with the obstacle but by the change m crossing strategy 
provoked by the time critical nature of the task. The Short Step Strategy is 
divided into a short pre-crossing stance, followed by a crossing swing. Note 
that this pre-crossing is a reduced stance, and together with this they reduce 
the stance of the non-crossing leg, leading to an unstable and protracted 
stance phase in which the center of mass is outside base of support. 
This strategy is asking for a precise intersegmental coordination to achieve 
successful clearance of the obstacle. Here patients after limb-saving surgery 
face the problem that they have limited locomotor abilities and are not 
able to solve this problem within their disadvantages due to the surgery. 
The results suggest that the Short Step Strategy is only possible when a 
reactive shortening of the stride can be made. The Normal Step Strategy 
was used, moreover than the Long Step Strategy, by the patients to step 
over the obstacle. These findings suggest that the choice of strategy did 
not depend on the phase m which the obstacle was dropped but on the 
site of surgery Only the patient wi th the hip prosthesis on the right side 
had no problem using the Short Step Strategy. Another remarkable point is 
the fact that the knee-group with right knee prosthesis used merely the 
Normal Step Strategy. This can be explained due to the increased MAV in 
the left leg during extension: while the duration did not change in swing 
phase, they were able to lengthen the step in distance because of the 
increased MAV. It is difficult to give a clear explanation for the strategy 
choosen by the patients based on our data. The relative instability on the 
affected side can be an explanation. This can lead to a lesser displacement 
of the center of pressure and a lower velocity of the center of mass 
towards the supporting side. Chou reported that this increase in center 
of mass velocity indicated a control strategy to maintain balance in the 
medio-lateral direction (5). However to give a clear explanation further 
research combined w i th electromyography and centre of pressure 
measurement is necessary m this particular type of patients. 
8.5 Conclusion 
In general all patients were able to step over the obstacle, using a smooth 
stride, without making failures. The findings are examples of the tendency, 
that strategies used to step over an obstacle are selected from a variety 
of available options based upon cost/benefit analysis within the movements 
system (8,14). The manner in which patients after limb salvage surgery step 
over the obstacles depends on their individual level of flexibility, but also 
on the constraints due to the surgery. 
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ORGANISATION OF GAIT 
FOLLOWING LIMB-SAVING SURGERY 
OF THE LOWER LIMB 
;ser, RPH Veth, HW8 Schreuder, J Duysens, Τ Mulder. 
(Am J Phys Med & Rahabil. 2003; 82:825-831) 
: 
9.1 Introduction 
Limb-savmg surgery is a surgical technique employed m patients with 
aggressive benign as well as malignant bone and soft tissue tumors 
In malignant tumors the technique may be used in about 70% of the cases 
(13) These patients suffer from peripheral muscular and skeletal damage, 
leading to a sudden and irreversible disruption of both the efferent and 
afferent organization of gait In all cases of limb-savmg surgery of the 
lower limb the body must adapt to a severe asymmetry of mass and muscle 
power and must reorganize its internal representation or body scheme 
These patients experience serious balance and gait problems after limb-savmg 
surgery(i-3) 
Although limb-savmg surgery is primarily focused on peripheral systems 
(e g limbs), a central reorganization within the sensory-motor system must 
take place as a reaction to the altered peripheral constraints (3,8) Indeed, 
directly after surgery the system cannot'trust'the proprioceptive input and 
is largely dependent on visual input or conscious control of the movements 
This concept has been used by Geurts at al, they showed that in the early 
stages of rehabilitation after amputation, postural stability was guided by 
visual input and by controlling the output consciously However, when the 
system adapted to the altered peripheral situation these 'artificial' or 
compensatory control strategies diminished (4,5) The authors concluded 
that the measurement of visual and / or conscious dependency could be of 
value for assessing the motor system during the course of recovery 
Visual dependency can be determined by manipulating the perceptual input 
Conscious or cognitive dependency can be measured by employing a 
dual-task procedure The basic idea behind the dual-task methodology is 
that the performance of a difficult (e g non-automated) task interferes 
with other simultaneously performed tasks Hence, by employing a concurrent 
attention-demanding task, it is possible to use the degree of interference 
of this task with the primary task (eg walking) as a measure of the attention 
demands of the primary task As long as the attention demands are high 
the functional recovery is not complete To study the visual dependency a 
visual restriction task was used These complex conditions were compared 
to the single condition of normal walking For a review of this concept the 
reader is referred to Mulder et al (2002,Gait and Posture m press) 
In the present article this concept has been used to study recovery of gait 
following limb-saving surgery. We have focused on several questions: Is there 
an improvement in basic locomotor activities, for example walking velocity 
and stride time and symmetry? Is the patient able to perform a walking-task 
simultaneously with an attention-demanding secondary task? And finally 
is there an improvement of the dependency on visual guidance during gait? 
We hypothesized that in the first place improvement in basic locomotor 
activities, derived from the walking velocity, step cycle duration, and 
symmetry, is seen. And in the second place that there is an improvement of the 
functional recovery which can be derived from a decrease in attention demand, 
together with a decrease in visual guidance of this basic locomotor task. 
Possibly improvement in basic locomotor activities is observed when gait is 
studied under optimal conditions (flat floor, no distracting circumstances, 
optimal lighting conditions). For functional recovery, however, it is needed 
that patients are able to walk while performing a secondary task, and that 
they are able to walk without the need of a continuous visual guidance of 
every step. In this study it will be evaluated to what extent patients after 
limb-saving surgery have reached this status of functional recovery. 
9.2 Methods 
9.2.1 Subjects 
Eleven patients (seven males and four females) were included m the study. 
The age at date of operation ranged between 19 and 66 with a mean age of 
43 years. They were all treated at the Department of Orthopedics, University 
Hospital Nijmegen, for malignant osteo-, Ewmg- and chondrosarcoma's in 
the bone of the lower limb. Four patients were treated with a distal femoral 
knee prosthesis, four patients were with a proximal femoral hip prosthesis 
and three with a saddle prosthesis. Gait analysis started 5 months post-
operative. These measurements were repeated 7, 9,12 and 15 months 
post-surgery. During the rehabilitation-period the patients received a physical 
therapy program. This program was primarily focused on the mobilization 
of the operated joint, while in a later stage the focus shifted towards 
improvement of functional gait. Note that all therapists were allowed to 
follow their own program. The local medical ethics committee approved 
the study. 
9.2.2 Procedure 
Details of the used procedure were described by De Visser et al, so we 
will give only a brief account here (3). Before the experiment was started, 
patients practiced an auditory Stroop task once m a standing position 
(Stroop 1935). This task consists of a voice pronouncing the words 'high' and 
'low'either in a high or low pitch.The subjects had to indicate immediately 
whether the pitch was low or high and to suppress the tendency to repeat 
the spoken word. After this the subjects were allowed to walk on the treadmill 
in order to get used to the peculiarities of treadmill walking and to find 
their preferred walking speed. Patients were allowed to use cranes when 
needed. In the first condition the subjects walked under optimal and 
unconstrained circumstances. This condition was necessary to facilitate the 
collection of reference values. In the second condition subjects had to walk 
(with the same walking velocity) while performing an attention demanding 
concurrent task, namely the above mentioned auditory Stroop task. 
In the third condition the walking took place while vision was restricted by 
using special glasses with the lower half of both lenses covered, so that it 
was impossible to observe the feet while walking.The fourth condition was 
identical to the first. This condition was to check whether fatigue or other 
time related factors had to be excluded as being responsible for the observed 
difference m gait performance between the first and second and first and 
third condition. Note that during the experiment the patients were allowed 
to rest when needed. 
9.2.3 Equipment and Data sampling 
Measurements were made during a time interval of 100 seconds while subjects 
walked on a treadmill (Woodway type ERGO EL2). Very thin custom-made 
insole footswitches, placed m shoes, were used to detect heel-strikes and 
toe-off. To avoid masking of important features of individual responses 
all individual trials and subjects-data were examined prior to averaging. 
Each measurement consisted of at least 20 strides (heel-strike to heel-strike). 
The parameters were averaged over the complete strides. In each condition, 
the following gait parameters were determined: Preferred walking velocity, 
stance and swing duration and stride-time. Step parameters were calculated 
and averaged from the footswitch data. 
9-2.4 Statistical analysis 
Statistical analysis was conducted on the average value of three consecutive 
identical experiments in order to reduce mtra-subject variability Gait variables 
such as stride time were analyzed using a Wilcoxon with Normal Gait as the 
first factor and Constraints as the second factor (dual task, visual restriction) 
9.3 Results 
Figure 9.1 
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9.3.1 Normal Gait 
During treadmill walking the patients use at least one crane, but after 12 
months non off the patients need a cane anymore Figure 9 1 shows that 
the patients walked with a preferred walking velocity of 2,1 ± o 9 km/h 
during the first measurement Across recovery time their walking speeds 
increased significantly till the end of the rehabilitation and reached a mean 
preferred walking velocity of 3 5 ± o 3 km/h 15 months post surgery 
The step cycle duration changed accordingly as can be seen from figure 9 2 





end of the rehabilitation process it was significantly decreased towards 118 
± 0,106 sec When we take the different treatment modalities into account 
the patients wi th a knee prosthesis walk wi th a walking speed of 3 9 (so 
015) km/h and a stride t ime of 115 (so 0 05) seconds Patients wi th a hip 
prosthesis walk wi th a preferred speed of 3 4 (so o 23) km/h and a step 
cycle duration of 1 21 (so o 07) seconds after 15 months Patients with a 
saddle prosthesis had a walking speed of 2 2 (so 11) km/h and a stride time 
of 1 50 (so 033) seconds 
During the course of rehabilitation a slight improvement of symmetry was 
seen, although in all the patients' some asymmetry persisted after 15 
months (figure 9 3) Indeed, all patients showed a shorter stance of the 
affected leg as compared to the non-affected leg in all measurements but 
the difference decreased over time For the swing phase a reversed situation 
was seen In all measurements the swing phase lasted longer on the affected 
side as compared to the non-affected side 
9.3.2 Gait under constraints 
In the fourth measurement (1 e the normal walking) no significant decrease 
in step cycle duration was observed as compared to the normal walking in 
the first measurement In contrast with this the data for each individual in 
the dual task and restricted vision condition demonstrated that the stride 
time shortened under these constraints This can be seen from figure 9 4 A 
where the stride time in normal walking and walking with the dual task is 
depicted This figure makes it clear that this difference persisted during the 
A. The wean stride time 
and standard deviation 
during normal walking 
and under dual-task are 
depicted for all the 
patients during follow-up. 
B. The mean stride time 
and standard deviation 
during normal walking 
and during visual 
restriction are depicted 
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rehabilitation period but became smaller over time The decrease m step 
cycle duration due to the dual task was significant in all the measurements 
(p < 0.001 for the first measurement and ρ < 0.05 for the last measurements). 
Figure 9.4 Β shows the data of the stride time during normal walking and 
during the restricted vision condition. The results are similar to the situation 
seen under dual task involvement. Visual feedback proved a powerful aid 
during walking as indicated by the decrease in step cycle duration under the 
visual restricted condition (p < 0.001 for all the measurements) 
9.4 Discussion 
We measured a heterogeneous group of patients which were recovering 
from a resection of a bone tumor and reconstruction with a mega-prosthesis 
at pelvis, hip or knee level. This surgery was combined by pre- or post-operative 
chemotherapy or radiation therapy. Since the surgery changed the peripheral 
constraints in a rather dramatic way a reorganization of the central motor 
control mechanism was necessary It was hypothesized that as long as this 
reorganization process is not complete the system is forced to shift to 
other strategies, such as, conscious control of gait (attention demanding) or 
visual control of gait. Whether these patients suffer from a central disorder 
due to chemotherapy is unknown in this group. 
In this study the patients were required to perform the same motor-task, 
namely walking at their preferred speed, under different conditions of 
cognitive load and visual restriction during their course of recovery. These 
conditions enable us to assess the importance of compensatory strategies 
across time. In other words it enabled the investigator to estimate the 
degree of cognitive and visual involvement m the control of gait and to 
study whether this involvement changed across recovery time. 
In general the patients had reached a relative high functional level of 
performance after 15 months. This means they were able to walk with a 
rather smooth stride.This improved functionality can also be derived from 
the increment m preferred walking speed and the increase in stride time. 
Although the numbers are small, it seems that knee endo-prosthetic 
patients were able to walk with a higher preferred walking speed and a 
lower step cycle duration, than hip endo-prosthetic patients. The patients 
having a pelvic saddle prosthesis had the lowest preferred walking velocity. 
This could be due to the limited motion at hip level. After the course of 
rehabilitation the preferred walking speed is rather low when compared to 
a normal healthy population (where it is expected to be around 4.0 km/h). 
This is a result of decreases in both cadence and stride length (6). 
Despite the increase in preferred velocity there were several factors indicating 
that gait was still not ideal after 15 months. In these patients the stance 
phase of the affected leg was shortened as compared to the non-affected 
leg.Tsuboyama et al studied a similar patient group and showed that 
asymmetry was due to a shortened contact phase, decreased peak pressure, 
and reduced force-time integral during gait on the operated side (9). 
Furthermore, a positive correlation was found between load under the foot 
and isokinetically measured knee extension strength (11). De Visser et al 
found that the stance phase of the affected leg was similar to the stance 
phase of a normal population and that the stance phase of the non-affected 
leg was lengthened (4).They argued that the non-affected leg must provide 
support, which lasted long enough to allow the ipsilateral swing to be 
made. An other important finding was that patients with less asymmetry 
had more quadriceps muscle mass and higher extension strength (12) 
Otis et al found that asymmetry in the gait pattern after limb-saving surgery 
leads to a higher net energy cost (6). 
In this study we showed that the patients were substantially affected by 
the dual- task.This was reflected m a decreased stride time. These data 133 
cannot be explained by fatigue or other time related factors, since the repeat 
of the'normal walking'condition failed to show any change. The fact that 
attention is involved m motor performance, particularly when the performance 
is not'automated', is suggested m several studies (3,4,7,10) The results 
provide an argument for an influential role of attention demanding processes 
during the course of rehabilitation. Dual-task interference may be seen as the 
result of some competition that takes place within a 'general purpose central 
processing system'which is limited in capacity An adequate performance 
of the Stroop task requires the allocation of attention However, the same is 
true for the control of gait in the beginning of the rehabilitation period. Later 
when walking becomes re-automated again the dual task interference can 
be expected to diminish. The fact that our results show dual task interference 
during the total recovery period indicates that total re-automatisation did 
not take place and that the system remains vulnerable. 
During the restricted visual condition the patients were also unable to walk 
in the same manner as during normal walking condition.This implies that 
visual control mechanisms are important to safely maintain gait during 
the early phase of the reorganization process. These patients need full 
vision to be able to compensate for their abnormal gait control. Such extra 
reliance on visual input may be needed to detect body disturbances that 
are insufficiently compensated by automatic responses due to the lack of 
somatosensory cues and the loss of output structures at the operated side. 
Previous studies with respect to the role of vision in human walking 
showed that there is an important influence of the visual system (9). 
Indeed vision provides the only direct measure of self-motion which is useful 
for regulating speed of locomotion and steering. In patients with pathology 
influencing gait, the visual system is necessary to maintain a certain level 
of gait performance (3). 
9.5 Conclusion 
The findings as reported in the present study suggest that patients after 
limb-saving surgery rely substantially on their visual system and on an 
attention- process to modulate their walking patterns (3,8). In other words 
their optimum gait pattern had not been properly relearned and there is 
no return to the premorbid automated level of performance. It may be that 
in these patients the irreversible damage to the proprioceptive system due 
to the joint/bone replacement by a prosthesis and to the muscle resection 
prevents complete recovery and the return to a normal gait pattern. 
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For subjects who underwent limb-saving surgery, performing a routine act 
such as walking is only possible at the cost of considerable attention 
investment. In other words, gait has lost its automaticity and walking is 
controlled more or less consciously. For the performance of routine acts a 
considerable amount of visual or conscious information is needed. As a result 
it is difficult for a patient to perform several tasks simultaneously. 
Chapter ι gives a short overview of the history of limb-saving surgery 
and its functional outcome as measured by the Musculoskeletal Tumor 
Society score (MSTS score). It is concluded that the MSTS score provides a 
good overall impression of a patient's function after limb-saving surgery, 
but the outcome of the score is not specific enough for the functional 
assessment of locomotor actions such as standing and walking. 
Chapter 2 is a brief introduction into the different control systems of 
movement. The roles of the visual, kinesthetic and cognitive systems are 
described as 'input systems'. Their properties and the way m which the 
information is used in movement control are analysed.The role and function 
of the motor system is also briefly described in this chapter. Furthermore, 
we describe the framework of the novel approach to assessing movement 
control after limb-saving surgery. 
The deterioration of balance under non-optimal visual conditions and dual 
task conditions and during more challenging motor tasks (i.e standing on a 
balance board) in a group of 11 patients treated with limb-saving surgery is 
described in Chapter 3. During normal standing and standing on the balance 
board, patients had the same amplitude and velocity of the centre of pressure 
as healthy controls. With their eyes closed, both patients and controls 
showed higher amplitude and velocity in the anterior-posterior direction. 
In the patient group, the attention-demanding cognitive task affected the 
amplitude and the velocity compared to normal subjects and normal standing. 
During balance board standing, differences were found m the velocity of 
the centre of pressure in both groups when they performed tasks with 
their eyes closed or had to perform under a dual-task condition Although 
the patient group showed impressive upright standing after limb-saving 
surgery, upright standing became more difficult under higher visual and 
cognitive loads.This indicates that a total postural re-automatisation took 
place m these patients. 
Chapter 4 describes a study m which upright standing was disturbed in 
limb-saving surgery patients by dropping a weight of 2.5 kilograms onto 
their left hand which they held out with an outstretched arm. Although in 
the first trial the amplitude of the centre of pressure was the same, these 
patients had more difficulty correcting such a perturbation as it took them 
significantly longer to recover from the disturbance than controls. 
The muscle responses showed a later onset activity Patients responded 
with a weak electromyographic signal. In the last trial, the patients reacted 
with a later onset of activity in gastrocnemius mediahs, tibialis anterior 
and biceps femoris, but the response was stronger compared to the first 
trial.The limb-saving surgery patients could still maintain balance during 
expected perturbations, but they showed different muscle activation 
patterns and longer response latencies m some muscles. They apparently 
needed more time to recover from an unexpected disturbance of upright 
standing.This makes it more difficult for these patients to react adequately 
to disturbances under daily life conditions since these balance disturbances 
often come unexpected too 
The way in which the gross motor functions in patients treated with 
limb-saving surgery have changed is described m Chapter 5. Here, a group 
of 19 patients who underwent limb-saving surgery for hip or knee tumors 
were studied during treadmill walking.The outcome was compared to 
age-matched healthy controls. Preferred walking speed in these patients was 
lower than in the controls (o 7 versus 11 m/s) Furthermore, stance phase of 
the non-affected leg was lengthened. All patients showed reduced stance 
phase knee flexion in the affected leg, while during the swing phase no 
such difference was seen. The electromyographic signal of the rectus femoris 
and biceps femoris showed changes related to the site of surgery. The 
results showed that the gait pattern of these patients differed from normal 
gait. In the hip group the reduced stance phase knee flexion was due to a 
high degree of co-contraction between quadriceps and hamstring activity, 
while m the knee group this was due to a quadriceps avoidance pattern 
The finding that there is still side-to-side asymmetry indicates that no complete 
reorganisation took place following the massive loss of proprioceptive 
input and motor output of the leg. Gait and electromyographic analyses 
appear to be essential for the quantitative assessments of the functional 
outcome in this type of surgery. 
The level of gait automatism was studied in 11 patients; the findings are 
described in Chapter 6. The main outcome measures were walking speed 
and stride time duration under normal walking conditions as well as the use 
of different types of constraints. Patients walked with a lower preferred 
walking speed compared to controls, and showed a higher coefficient of 
variation of stride time during walking without constraint as well as walking 
under complex conditions (e.g. restricted vision and dual-task performance). 
During walking with constraints, a significant decrease in stride time was 
found in these patients, but not in the healthy subjects. Although restoration 
of gait after limb-saving surgery is impressive, it is not complete and can 
break down under conditions of increased complexity such as visual and 
cognitive loading Hence, the application of complex tasks revealed that 
gait re-automatisation was not complete in these patients 2 to 5 years 
after surgery. 
Chapter 7 describes a study into the control of asymmetry m gait. All 
patients had a limping gait pattern The support of the affected leg was 
shorter compared to the non-affected leg.This induced a co-activation of 
tibialis anterior and gastrocnemius medialis, where in the normal control a 
tight on-off switch was seen between these muscles. However, the activation 
of tibialis anterior with the contra-lateral gastronemius was quite normal 
in these patients. In limb-saving surgery, it is difficult to assess the control 
of loading in the regulation of gait. It is still unclear how the co-activations 
are controlled. The gait pattern can be achieved by automated motor 
programmes or by conscious voluntary activity. In general, one can say that 
inter-limb coordination predominates, the tibialis anterior and contra-lateral 
medial gastronemius connection is not affected. 
Chapter 8 discusses a study in which six healthy controls and thirteen patients 
had to step over an obstacle that could appear suddenly in three different 
phases of the step cycle. Patients with a hip prosthesis preferred the long step 
strategy to clear the obstacle. In contrast, patients with a knee prosthesis 
preferred to step over the obstacle without a change m the stance or swing 
phase, resulting in a normal step strategy. The healthy controls preferred clear 
the obstacle by shortening the stance and swing By using the short step, 
the patients placed themselves at risk for a self-initiated fall This strategy 
asks for a precise intersegmental coordination in order to achieve a successful 
clearance of the obstacle Here, limb-saving surgery patients are confronted 
with the fact that they cannot solve this problem due to their limited 
locomotor abilities. These findings suggest that the choice of strategy does 
not depend on the phase in which the obstacle is dropped, but on the site 
of surgery. 
Chapter 9 describes how dual-task performance and visual restriction during 
walking was used to study the recovery of gait following limb-saving surgery 
in 10 patients During the course of recovery we measured normal walking, 
walking while performing an attention-demanding dual task and walking 
during restricted vision, starting five months postoperative These patients 
were able to reach an acceptable level of gait 15 months postoperatively, 
especially when the basic locomotory activity (i.e step cycle duration, walking 
speed, gait symmetry) was taken into account. Nevertheless the results 
showed that gait performance of these patients was still hindered by the 
dual task and visual restriction. They exhibited a decrease m step cycle 
duration under these conditions In general an improvement in walking 
speed and a decrease in asymmetry was observed. On the other hand, 
they still suffered from a basically reduced control of gait after this period 
This lack can be attributed to a lack of gait automatism due to an irreversible 
loss of somatosensory input. 
10.2 Conclusions 
i. After limb-saving surgery, the gross motor functions have changed compared 
to normal walking.The walking pattern is focused on gaming enough 
stability This is shown by a co-contraction of the proximal muscles m 
patients treated by a hip prosthesis and a quadriceps avoidance pattern 
m patients with a knee prosthesis. The distal muscles also show a 
co-contraction. However, these changes result m a support which lasts 
long enough to allow the performance of the ipsilateral swing. During the 
course of recovery, improvements were observed m motor performance 
(e.g. walking speed, step cycle duration and symmetry), but they were still 
not normal 15 months post-surgery. 
2. Patients have difficulties performing several tasks simultaneously. 
Standing as well as walking is affected by simultaneously performing a 
dual task. Although this task-effect gradually diminished over the 15-month 
recovery period, it continued to exist, even after more than two years 
post-operatively. This is an indication that gait control has lost its 
automaticity. 
3. Post limb salvage patients depend more on visual information during 
standing and walking compared to healthy controls. Even after a 15-month 
recovery period there seems to be no decline in visual dependency This is 
an indication that walking and standing control is only possible under 
visual guidance. 
4. Patients show a clear deterioration in the control of balance when the 
motor demands are higher. This means that change of the environmental 
conditions, leading to higher motor demands, strongly influences these 
patients' performance 
5. Patients are able to react to sudden disturbances of upright standing if 
these disturbances are expected to occur. Since the recovery time is longer 
during unexpected disturbances, we may conclude that these patients 
are not able to cope adequately with unexpected disturbances. 
6 Patients are able to step over a suddenly appearing obstacle However, 
the stride rearrangements that were seen in the patient group differ 
from that of the healthy controls. Patients with a knee prosthesis try to 
make a normal stride, while patients with a hip prosthesis prefer the 
lengthened stride. This means that the strategies they developed are 
limited by the site and extent of surgery. 
10.3 Closing Remarks 
In the past three decades, there has been substantial improvement m the 
disease control and outcome of patients suffering from bone tumors. 
We are beginning to understand the long-tem functional outcome of limb-
savmg surgery as we gain experience with various techniques. Movement 
analysis gave us insight into the changes that took place during walking 
after limb-saving surgery We particularly gained insight into the control of 
gait and posture m patients treated for hip or knee tumors with resection 
and reconstruction with a mega-prosthesis. In general, we may conclude 
that the partial loss of proprioceptive input and motor output is the main 
cause of the changes in gait and posture m these patients. The loss of 
proprioceptive input of a particular joint due to limb-saving surgery is a 
fact, because the knee or hip joint is involved in the tumor process and has 
to be removed. It should be mentioned here that, when more attention 
were to be paid to restoration of the soft tissue, the motor output could be 
modified. Forthat, it is necessary to find better methods of attaching muscles 
to implants, which will make the motor output more powerful. 
On the other hand, the field of rehabilitation of standing and walking 
after limb-saving surgery may be explored somewhat more. Leg muscle 
activity should be rearranged into new synergies, inappropriate activation 
should be suppressed or counteracted, and contralateral muscle may 
compensate for the loss of output at the operated site. 
The knowledge of adaptation processes following limb-saving surgery 
acquired in this study may be used to develop valid procedures for the 
assessment of gross motor recovery. Knowledge of restoration processes 
constitutes the necessary basis for the evaluation of individual performance 
as well as for planning of individually tailored intervention programmes 
aimed at functional recovery 
10.4 Future research 
To improve the daily life functions in patients treated with limb-saving surgery, 
future research will have to focus on several aspects. First of all, the motor 
output can be improved in some ways. A recent study on gait analysis after 
resection and prosthetic reconstruction of distal femoral tumors showed that 
nine patients who had had resection of the vastus lateralis and intermedius 
had better gait performance than patients who had had a resection of the 
vastus medialis. Although the decision as to how much soft tissue should be 
resected depends on the extent of tumor involvement, these findings suggest 
that, in the case of biopsy placement, it is better to use a lateral approach, 
so that more of the vastus medialis can be preserved during resection (2). 
At present, it is unknown to which extent and in which way resection of 
different muscles influence disturbance correction during standing and 
gait. We also do not know which muscles are minimally necessary for daily 
standing and walking performance. To further improve the motor output, it 
is necessary to find better methods for attaching muscles to implants. 
One preliminary study introduces the possibility of using tantalum implants 
to allow soft-tissue growth into tumor prostheses (4). This study of six 
reconstructions showed better soft tissue ingrowths. But to what extent 
these ingrowths improve the motor output is unknown at the moment. 
This may be studied m the future by measuring the flexion and extension 
force. Furthermore, the improvement of motor output in this way should lead 
to a higher walking velocity, less energy cost during gait and an improvement 
of standing. Composites may be used as alternative allografts/endoprostheses. 
Motor output may also be improved by transposition of muscles. In the 
literature one study showed that a gastrocnemius flap could be used to 
increase the strength of the extensor mechanism (i).The results showed 
improved function in seven patients. The effects of transposition of other 
muscles, such as the biceps femons and rectus femoris, have not been studied 
m the literature One should however keep m mind that it is not easy to 
transpose a muscle that acts as a flexor in an extensor compartment. 
Furthermore, learning to use this muscle as an antagonist, which is not its 
original function, will take the patient much time. 
The second important subject of study is the rehabilitation of standing and 
walking. In this study, patients were compared to healthy age-matched 
controls. There are a number of differences between these groups, and the 
outcome suggests that limb-saving surgery patients are not able to achieve 
a normal gait pattern. However, their gait pattern can be improved by therapy 
that is focussed on improving gait dynamics. A preliminary study showed 
that this resulted in a higher walking velocity in five patients; the results in 
this small patient group were promising (3). 
Furthermore, the results of this thesis suggest that standing after limb 
salvage is affected due to the lack of important control mechanism. 
These control systems are important when the balance is disturbed and the 
patients have to react to unexpected disturbances. In this thesis only the forward 
disturbance is studied. Future research should extend to multidirectional 
disturbances in order to find out m which direction the patients are mostly 
affected. Furthermore, the focus should be on the first trial effects, when 
the patients appear to have difficulty coping with unexpected disturbances. 
The following trials should aim at reference values for the strategies patients 
are using to cope with expected disturbances. Comparison of the first trial with 
the following trials may provide some find handles for better rehabilitation 
of standing (De Visser unpublished data). 
Future research should also answer a question of a totally different order, 
namely which patients wil l benefit most from limb salvage and which 
patients will benefit more from amputation. The choice of treatment can be 
based on the outcomes of randomised studies m which different parameters 
are compared between the two groups. However, it is not easy to define 
these parameters, since standing and walking with an external prosthesis 
after amputation is totally different from standing with a saved limb. 
The fact that there are differences between these groups might be worth 
mentioning and should be used to answer the question which treatment is 
best for which patient. However, the difference in advantages of limb-saving 
surgery compared to the advantages of amputation is of much greater 
importance. The choice of treatment has to be based on the patients' needs 
in their daily practice. This knowledge will enable the clinician to advise the 
patients adequately as regards the advantages and disadvantages of the 
different therapies. The patients themselves can then choose the therapy 
that fits their life quality needs best. Difficult as it may be, to design such a 
study is a tremendous challenge. 
REFERENCES 
ι Anract Ρ, G Missenard, C Jeanrot, 
V Dubois, Β Tomeno Functioning muscle 
transplantation after wide excision of 
sarcomas m the extremity 
Clm Orthop 358140-148,1999 
2 Benedetti MC, F Catani, D Donati, 
L Simoncim, S Giannini Muscle 
performance about the knee joint in 
patients who had distal femoral 
replacement after resection of a bone 
tumor An objective study with use of 
gait analysis J Bone Joint Surg Am 
82 1619-1625,2000 
3 de Visser E, J de Witte, J Duysens, 
Τ Mulder, RPH Veth Gait Rehabiliation 
in Patients with Distal Femoral Knee 
Prosthesis Fourth Meeting of the 
Combined Musculoskeletal Tumor 
Societies Washington DC, 6-10 May, 
Ρ 185,1998 
Η 4 Holt CE, MJ Christie, HS Schwartz Limb 
salvage surgery reconstruction with 
146 custom tantalum implants Baltimore, 
Annual meeting of the musculoskeletal 




I L I Samenvatting 
Het hiernavolgende is een samenvattingvan het proefschrift.Voor de discussie 
van de verschillende studies wordt de lezer verwezen naar de betreffende 
hoofdstukken. 
Hoofdstuk ι behandelt de historische achtergronden van extremiteitsparende 
chirurgie en de functionele resultaten zoals die zijn gemeten met behulp van 
de Musculoskeletal Tumor Society score De conclusie is dat deze score een 
redelijke indruk geeft van het functioneren na extremiteitsparende chirurgie, 
maar de score schiet tekort als het gaat om specifieke vaardigheden zoals 
het staan en lopen. 
Hoofdstuk 2 geeft een korte beschrijving van de bewegingssturing. De plaats 
van het visuele, proprioceptive, vestibulaire en cognitieve systeem als 
'input systemen'worden beschreven. Daarnaast wordt de rol van het 
motorisch systeem m dit hoofdstuk kort toegelicht. 
De verandering tijdens de balanshandhavmg, van π patiënten na extremiteit-
sparende chirurgie wordt beschreven m hoofdstuk 3 De metingen zijn 
verricht tijdens beperkte visuele mogelijkheden en dubbeltaakcondities, 
zowel gedurende normaal staan en staan wanner er verhoogde eisen aan 
het motorisch systeem worden gesteld (staan op een balansplank welke 
kantelingen m medio-laterale richting veroorzaakte).Tijdens het normale 
staan en het staan op de balansplank hadden patiënten en gezonde proef-
personen dezelfde amplitude en snelheid van het 'center of pressure'. 
Met gesloten ogen toonden zowel patiënten en gezonde proefpersonen 
controles een hogere amplitude en snelheid van het 'center of pressure' 
metname m de voor-achterwaardse richting. Patiënten werden beïnvloed 
door de aandachtvragende taak wat tot uiting kwam in een hogere amplitude 
en een hogere snelheid van het 'center of pressure', terwijl gezonde proef-
personen gedurende deze taak geen verandering heten zien. Het staan op het 
balansplatform veroorzaakte verandering in snelheid van het 'center of pressure' 
met gesloten ogen en met de dubbeltaak bij patiënten en proefpersonen 
Hoewel patiënten een goede sta-balans hadden, was staan moeilijker 
onder visuele en cognitieve restricties. Dit is een indicatie dat het balans 
'automatisme' niet volledig hersteld was. 
In hoofdstuk 4 werd het staan verstoord door een gewicht van 2,5 kilogram 
in een uitgestrekte hand te laten vallen. De reactie in de been spieren die door 
de verstoring werd veroorzaakt werd gemeten. Er werden drie verstoringen 
gegeven, tijdens de eerste verstoring viel het gewicht onverwacht Patienten 
hadden meer moeite met het corrigeren van de eerste verstoring, het duurde 
significant langer om te herstellen, in vergelijk met gezonde proef personen. 
De response activiteit in de spieren begon later en patiënten reageerden met 
een zwakker electromyografisch signaal tijdens de eerste verstoring. 
Patienten toonden tijdens de laaste verstoring een later begin van de activiteit 
van de m. gastrocnemius, m. tibialis en m. biceps femoris. Echter de gemiddelde 
activiteit van deze respons was hoger in vergelijking met de eerste verstoring. 
Patienten na extremiteitsparende chirurgie konden hun balans corrigeren 
na een verstoring. Echter bij onverwachte verstoringen hadden zij een grotere 
hersteltijd, wat het moeilijker maakt om adequaat te reageren op soortgelijke 
verstoringen in het dagelijks leven. 
De grove motoriek is bij patiënten na extremiteitsparende chirurgie veranderd. 
Deze veranderingen worden beschreven in hoofdstuk 5. Een groep van 19 
patiënten na een operatie voor een tumor m heup of knie regio werd bestudeerd 
tijdens het lopen op een loopband De patiënten werden opgedeeld m een 
heupgroep en een kmegroep. Het bleek dat de voorkeurssnelheid lager was 
dan bij proefpersonen en dat de standfase van het niet aangedane been 
was verlengd. Alle patiënten hadden een verminderde 'range of motion' m 
de knie tijdens de standfase van het aangedane been, terwijl de zwaaifase 
onveranderd bleef. Het electromyografisch signaal van de m. rectus femoris 
en de m. biceps femoris liet een verandering zien, welke te relateren was aan 
het type operatie. De resultaten lieten een veranderd looppatroon zien ten 
opzichte van normaal lopen. De verminderde knieflexie tijden de standfase 
in de heupgroep werd veroorzaakt door een verhoogde mate van co-contractie 
tussen de quadriceps en de hamstrings. In de kniegroep was de vermindering 
van flexie in de standfase gebaseerd op een 'quadriceps-avoidance' patroon. 
Het feit dat er asymmetrie bestond tussen de spier activiteit van het aangedane 
en niet aangedane been is een indicatie dat de reorganisatie van de regulatie 
van het lopen niet volledig is hersteld als gevolg van het forse verlies aan 
proprioceptieve input en motorische output van het been. Het kmesiologisch 
en electromyografisch onderzoek tijdens het lopen zijn essentieel voor een 
kwantitatieve analyse van de functionele resultaten na extremiteitsparende 
chirurgie. 
Het niveau waarop het lopen is geautomatiseerd vormt het onderwerp van 
studie in hoofdstuk 6. De loopsnelheid en de stapduur werden gemeten tijdens 
normaal lopen, bij visuele restrictie (i.e. een bril die het onmogelijk maakte 
de voeten te zien) en bij auditieve dubbeltaak, belasting. Patiënten hadden 
een lagere voorkeurssnelheid dan de voor leeftijd gecorrigeerde controlegroep. 
De variatiecoefficient van de stapduur tijdens normaal lopen en tijdens het 
lopen met visuele restrictie en de dubbeltaak was hoger vergeleken met gezonde 
personen. De invloed van de dubbeltaak en visuele restrictie resulteerde in 
een significante afname van stapduur bij patiënten, terwijl dit niet het geval 
was bij de controlegroep. Het herstel van het lopen bleek redelijk na 
extremiteitsparende chirurgie, maar er zijn wel invloeden van visuele restricties 
en dubbeltaken te meten. De reactie van de patiënten op deze additionele 
taken toont aan dat het lopen bij hen geen automatisme is geworden. 
Hoofdstuk 7 behandelt de regulatie van mank lopen. Patienten hadden een 
korte steunfase van het aangedane been in vergelijking met het niet 
aangedane been. Dit resulteerde m co-contractie tussen m. tibialis anterior 
en m gastrocnemius medialis. Dit was vooral al tijdens de overgang van de 
steun- naar de zwaaifase. Gezonde personen lieten deze co-contractie met 
zien, bij hen was er een aan-uit patroon te zien, d.w.z. als m gastrocnemius 
medialis zijn activiteit termmeerde (offset), begon gelijktijdig de activiteit van 
m tibialis anterior (onset). Een belangrijke bevinding was dat de relatie van 
de ipsilaterale m. tibialis anterior onset met de offset van de contralaterale 
m. gastrocnemius medialis normaal was bij patiënten. Dit is een indicatie 
dat de steunfase van het aangedane been een beaingrijke bepalende factor 
is in het looppatroon. De specifieke rol die de steunfase speelt bij de sturing 
van het lopen is moeilijk te onderzoeken bij patiënten na extremiteit sparende 
chirurgie. Het is met duidelijk op welke manier de coactivatie van de 
ipsilaterale m. tibialis anterior en de ipsilaterale m gastrocnemius medialis 
wordt gereguleerd. In het algemeen is het duidelijk dat 'interlimb- coördinatie' 
belangrijk is, zodat een aangedaan been, afzonderlijke de spieractiviteit en 
en daarmee de steun- en zwaaifase van het andere kan bepalen 
In hoofdstuk 8 wordt het onderzoek beschreven waarbij 6 gezonde proef-
personen en 13 patiënten over een obstakel moesten stappen. Dit obstakel 
viel in drie verschillende fasen van de stapcyclus, waardoor patiënten en 
proefpersonen gedwongen werden verschillende Strategien te kiezen. 
De patiënten hadden een langere stap duur, de standfase van het niet aan-
gedane been was significant langer dan de standfase van de proefpersonen. 
Patiënten met een heupprothese hadden sterke voorkeur voor de verlengde 
stap strategie. De patiënten met een knie prothese lieten in de meeste 
gevallen geen verandering m stand of zwaai zien van het been dat over het 
obstakel stapte. De gezonde proefpersonen gebruikten significant vaker de 
verkorte stap strategie. De patiënten zouden bij het gebruik van de korte stap 
strategie zijn gevallen, doordat de noodzakelijke verkorting van de standfase 
van het niet aangedane been zou kunnen leiden tot een verplaatsing van 
het lichaamszwaartepunt buiten de stand basis. De verkorting van de stap 
als strategie vraagt om een zeer nauwkeurige coördinatie tussen bovenbeen, 
onderbeen en interlimbcoordmatie. Door verminderde motorische flexibiliteit 
is dit voor patiënten na extremiteitsparende chirurgie niet goed mogelijk. 
We concluderen dat de keuze van de strategie bij dergelijke patiënten niet 
afhankelijk is van de fase waarin het obstakel verschijnt maar meer wordt 
bepaald door het type en de grote van de operatie. 
In hoofdstuk 9 is gebruik gemaakt van een dubbeltaak en visuele restrictie, 
zoals becshreven in hoofdstuk 3,0m het herstel van het lopen na extremiteit-
sparende chirurgie te meten bij tien patiënten.Tijdens het herstel werd normaal 
lopen, lopen met een dubbel taak en lopen met visuele restrictie gemeten, 
postoperatief vanaf de 5de maand. De patiënten bereikten na 15 maanden 
een acceptabel looppatroon, vooral wat betreft de basale locomotorische 
activiteit (zoals stapcyclus, loopsnelheid en symmetrie). Ondanks dit herstel 
lieten de resultaten zien dat patiënten een afname van de stapduur toonden 
tijdens het uitvoeren van een dubbel-taak en tijdens visuele restrictie. 
Dit houdt in dat het lopen minder een automatisme was De oorzaak hiervan 
is een irreversibel verlies van somatosensonsche input. 
11.2 Conclusies 
De grove motoriek na extremiteit sparende chirurgie is veranderd ten opzichte 
van het normale looppatroon. Er is bij patiënten meer behoefte aan stabiliteit. 
Dit is afte leiden uit een co-contractie van de proximale musculatuur bij 
patiënten die zijn geopereerd aan een tumor in het heup gebied, en een 
'quadriceps-avoidance' patroon bij patiënten met een tumor rond de knie. 
De verandering m het patroon van de distale spieren is gericht op het genereren 
van een steunfase die lang genoeg duurt om de ipsilaterale zwaaifase te 
kunnen voltooien. 
De sturing van het staan is eveneens beïnvloed door extremiteit sparende 
chirurgie. Patiënten hebben meer moeite met balanshandhaving, zowel 
gedurende het normale rechtop staan als ook tijdens verschillende 
verstoringen Tijdens de revalidatie zijn er weliswaar belangrijke verbeteringen 
in de motorische vaardigheden te zien, maar na vijftien maanden is er nog 
steeds sprake van een afwijkend looppatroon. 
i. Dit proefschrift toont aan dat patiënten moeite hebben met het uitvoeren 
van een looptaak indien tegelijkertijd een simpele aandachtvragende 
tweede taak uitgevoerd moet worden. De kwaliteit van het staan en 
lopen worden beïnvloed door deze dubbel taak. Hoewel deze invloed 
direct na de operatie groter is dan na vijftien maanden, blijft ZIJ aanwezig, 
zelfs meer dan twee jaar. Dit is een indicatie dat het lopen met volledig 
automatisch wordt uitgevoerd. 
2 Dit proefschrift beschrijft dat patiënten na extremiteit sparende chirurgie 
meer afhankelijk zijn van hun visuele informatie tijdens het staan en 
lopen in vergelijk met gezonde proefpersonen 
3. Patienten kunnen hun balans moeizamer handhaven indien er meer wordt 
gevraagd van de motorische vaardigheden. Dit houdt m dat veranderingen 
m de omgeving welke een grotere aanspraak op de motoriek maken de 
balanshandhavmg negatief zullen beïnvloeden. 
4. Dit proefschrift beschrijft dat patiënten adequaat reageren op verwachte 
verstoringen tijdens het staan De hersteltijd tijdens de onverwachte 
verstoring is groter. Hieruit kunnen we concluderen dat patiënten 
onverwachte verstoringen moeilijker kunnen corrigeren. 
152 5 Patienten zijn m staat om over een plotseling verschijnend obstakel te 
stappen. Echter de schredeveranderingen die zij maken zijn verschillend 
in vergelijk met gezonde proefpersonen. Patienten met een knieprothese 
hebben de voorkeur voor het maken van een normale schrede, terwijl 
patiënten met een heupprothese hun schrede verlengen. Dit betekent 
dat de strategie die gebruikt wordt voor een gedeelte wordt bepaald 
door de beperkingen als gevolg van de operatie. 
11.3 Afsluitende opmerkingen 
De laatste 30 jaar heeft er een substantiële verbetering plaatsgevonden 
van de resultaten van behandeling van patiënten die lijden aan een bottumor 
De lange termijn resultaten tonen zowel een verbetering van de gebruikte 
technieken als van de resultaten van hun toepassing. Op het gebied van 
extremiteitsparende chirurgie krijgt het gebruik van bewegingsanalyse bij 
het onderzoek naar de sturing van het staan en lopen een steeds grotere 
plaats. Door dit proefschrift is er inzicht gekomen m de sturing van het 
staan en lopen bij patiënten die na een tumor resectie een reconstructie 
van heup of knie ondergingen In het algemeen kan gesteld worden dat het 
verlies aan proprioceptive input en motorische output de hoofdoorzaken 
van de problemen zijn waarmee dergelijke patiënten geconfronteerd worden 
tijden het staan en lopen. Het verlies aan propriocepsis kan niet worden 
verminderd door een ander chirurgische techniek te gaan gebruiken, want 
de heup en de knie zijn betrokken in het tumorproces en moeten eenvoudig-
weg worden verwijderd en vervangen. De motorische output, de kracht en 
coördinatie, zou wel verbeterd kunnen worden als er meer aandacht en 
onderzoek gericht zou worden op de wekedelen reconstructies. Verder is 
het noodzakelijk dat er goede technieken worden ontwikkeld om losgemaakte 
spieren direct of indirect aan een prothese te fixeren, waardoor de motor-
output, zoals kracht en coördinatie, verbeterd wordt. 
Anderzijds kan het gebied van revalidatie van het staan en lopen verder 
worden ontwikkeld. Aanpassing van spiercoördinatie moet plaatsvinden 
om te komen tot een optimale prestatie onder variërende omstandigheden. 
Beenspieractiviteit moet worden gereorganiseerd naar nieuwe Synergismen, 
inadequate activiteit moet worden onderdrukt of'overruled', en de 
contra-laterale spieren moeten compenseren voor het output verlies van de 
geopereerde zijde. Door de verdere evolutie van de extremiteitsparende 
chirurgie zullen er steeds meer en nieuwe vragen ontstaan Deze studie 
voorziet m kennis ten aanzien van adaptatieprocessen na extremiteits-
parende chirurgie. Deze kennis kan worden gebruikt voor de ontwikkeling 
van valide procedures om de grove motoriek te meten, maar deze kennis 
kan ook geïntegreerd worden in klinische studies met als doelstelling 
verschillende behandelstrategieén te ontwikkelen en te evalueren 
Fundamentele kennis over herstelprocessen is een noodzakelijke basis voor 
de evaluatie van individuele performance, maar ook voor de planning van 
een op het individu gericht interventieprogramma dat functioneel herstel 
als doel heeft. 
11.4 Wat te doen in de toekomst 
Om het functioneren van deze patiënten in het dagelijks leven te verbeteren 
zal er in de toekomst gericht onderzoek naar verschillende aspecten gedaan 
moeten worden. In de eerste plaats zal er gestreefd moeten worden naar 
een vergroting van de motorische output. Een studie, waarbij gangbeeld 
analyse is toegepast na reconstructie van distale femurtumoren, laat zien dat 
patiënten bij wie er een resectie plaatsvond van de m. vastus lateralis en 
m. intermedi us, een beter looppatroon hadden dan patiënten met een resectie 
van de m. vastus medialis, terwijl beide de groepen een goede Musculoskeletal 
Tumor Society-score hadden. De beslissing ten aanzien van de hoeveelheid 
wekedelen die wordt weggenomen hangt natuurlijk af van de tumorgrootte, 
echter de resultaten van deze studie suggereren dat de biopsieplaats het 
beste door de m. vastus lateralis kan, waardoor de vastus medialis tijdens 
de resectie zoveel mogelijk gespaard kan worden tijdens de definitieve 
operatie (2). Uit deze studie blijkt dat door verandering van de bioptieplaats 
er een verbetering kan optreden van het looppatroon. 
Het is echter op dit moment met bekend in hoeverre verschillende spierresecties 
invloed hebben op verstoringen van het staan en lopen. Er is geen kennis 
over welke spieren noodzakelijk zijn om te kunnen staan en lopen in de 
dagelijkse praktijk. Om verder de motorische output te verbeteren is het 
noodzakelijk om betere methoden te vinden waarmee (restanten van) spieren 
aan de prothese vastgemaakt kunnen worden In een voorlopige studie werd 
de mogelijkheid van het gebruik van tantalum implantaten geïntroduceerd. 
Deze studie toonde bij zes protheses een verbetering van de wekedelen-
hechting (4). Hetzelfde geldt voor allograft/endoprothese composieten. 
Op dit moment is het nog niet bekend in hoeverre een betere hechting aan 
de prothese een verbetering van motorisch output geeft. Dit kan onderzocht 
worden door de flexie- en extensiekracht te meten. Tevens zou een verbetering 
van motorische output moeten leiden tot een hogere loopsnelheid, minder 
energieverbruik tijdens het lopen, stabalans enz. 
Als laatste kan de motorische output worden verbeterd door het transponeren 
van musculatuur. In de literatuur hierover wordt alleen de m. gastrocnemius 
genoemd waarbij er een transpositie van de pes ansermus plaats vindt om 
hiermee het extensormechanisme te ondersteunen (1). Bij zeven patiënten 
leidde dit tot goede resultaten. Over het effect van de transpositie van 
andere spieren, zoals m. biceps femoris en m. rectus femoris is in de literatuur 
niets bekend. 
Het tweede item wat verder onderzoek vereist is de revalidatie van het staan 
en lopen. Op dit moment en hierbij heeft dit proefschrift aan bijgedragen is 
deze patiëntengroep alleen vergeleken met een gezonde, voor leeftijd 
gecorrigeerde controle groep. Tussen beide groepen waren verschillen te 
zien. Uit deze verschillen kan de voorzichtige conclusie getrokken worden 
dat deze patiënten geen normaal looppatroon zullen krijgen. Dit looppatroon 
zou wel verbeterd kunnen worden door een vergroting van de dynamiek 
van het lopen. In een preliminaire studie bij vijf patiënten is aangetoond 
dat na looptraining er een verbetering van de kinematiek van de knie te 
zien was Dit resulteerde bij deze patiënten in een toename van loopsnelheid. 
De resultaten waren veel belovend echter de groep was zeer klem (3). 
Tevens suggereren de resultaten dat deze patiënten afwijkingen bij het 
staan zullen houden omdat zij belangrijke sturingsystemen missen. 
Deze sturingssystemen zijn vooral van belang tijdens verstoring bij het 
staan. In dit proefschrift is aandacht besteed aan een verstoring in voorwaardse 
richting. Hieruit blijkt dat deze patiënten met name bij een onverwachte 
verstoring moeite hebben met corrigeren hiervan, wat noodzakelijk is om 
niet te vallen. In de toekomst moet het onderzoek van het staan zich richten 
op verstoringen in meerdere richtingen En dan met name kijken naar het 
'first-trial effect', dat wil zeggen dat bij een eerste verstoring patiënten niet 
instaat zijn om dit adequaat te corrigeren. Bij de daarna hierop volgende 
verstoring kunnen patiënten vrij gemakkelijk de verstoring opvangen 
(ongepubliceerde gegevens). Als gekeken wordt naar wat deze patiënten 
anders doen m de tweede en de daarop volgende verstoring kunnen WIJ 
misschien een ingang vinden voor revalidatie van het staan. 
Een vraag van geheel andere orde welke in de toekomst beantwoord moet 
worden is welke patiënten m aanmerking zouden komen voor extremiteit-
sparende chirurgie en welke patiënten beter af zouden zijn met een amputatie. 
De keuze hiervoor zou gemaakt kunnen worden op basis van een goede 
gerandomiseerde studie, waarbij de uitkomst van verschillende te onderzoeken 
parameters binnen deze twee groepen met elkaar vergeleken zullen worden. 
Het is echter niet simpel een antwoord te geven op de vraag welke parameters 
er gemeten moeten worden. Het staan met een uitwendige prothese kan 
totaal verschillende zijn van het staan met een inwendige prothese De vraag 
onder welke omstandigheden het staan het beste is hiermee nog met 
beantwoord. Ten aanzien van het lopen kan iets soortgelijk worden gesteld. 
Veel belangrijker is om niet de verschillen tussen beide behandelings-
mogelijkheden, maar de verschillende mogelijkheden zelf te onderzoeken. 
Op basis van deze kennis zouden wij de patient optimaal kunnen adviseren 
over de voor- en nadelen van de te kiezen therapie en kan hij/zij als individu 
kiezen wat binnen zijn/haar normen van levenskwaliteit het beste past. 
De opzet van een dergelijke studie grenst aan een onmogelijkheid, maar is 
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De grootste bijdrage aan dit proefschrift is geleverd door patiënten die hun 
ochtenden of middagen wilde opofferen om naar het looplaboratorium te 
komen waar ZIJ geduldig alle metingen ondergingen 
Professor Veth; By better perse gaan van het manuscript ken ik u 8 jaar, als 
promotor en opleider. U had m 1997 voldoende vertrouwen m mij toen U 
zei: 'je kunt wel op dat project beginnen maar het is een lastig klusje.' 
Onder uw bezielende leiding werd ik de eerste AGIKO binnen de afdeling 
Orthopedie, waarbij ik onderzoek en klinisch werk kon combineren met een 
opleiding tot orthopedisch chirurg. De snelheid waarmee u manuscripten 
van commentaar voorzag heeft me telkens doen verbazen, evenals het 
geduld waarmee u ieder hoofdstuk van het proefschrift meerdere malen 
hebt doorgelezen. 
Professor Duysens, beste Jaak; u hebt mij geïntroduceerd in 'het looplab', 
mij wegwijs gemaakt in de ingewikkelde materie van bewegingssturing, 
reflexen, maar nog meer in het opstellen van manuscripten. Het verwerken 
van dezelfde data in verschillende figuren was voordat de resultaten werden 
beschreven een noodzakelijke tak van sport. Behalve de inwijding in het doen 
van bewegingsonderzoek ben ik ook ingewijd m de rijkdom van smaken der 
Belgische bieren 
Professor Mulder, beste Theo; Door u ben ik mij gaan verdiepen in de theorie 
van re-organisatie van het menselijk systeem na verstoringen, aangebracht 
door chirurgen. Ik heb met respect naar uw onuitputtelijke kennis van deze 
zaken geluisterd Omdat ik niet alles kon onthouden heb ik'de geboren 
aanpasser' maar aangeschaft 
Dr. Schreuder; Beste Bart, jou wil ik bedanken voorde tijd die je vond om mijn 
manuscripten van commentaar te voorzien, de voordrachten te verbeteren 
en de mental choaching op congressen. 
Henk, leke, Christiaan: Wij waren de 'locomotor groep' en naar verloop van 
tijd zelfs op een kamer. Hier ging het dan vaak over de wetenschap van 
het lopen, de meest recente literatuur over lopen, het lopen van leven en 
het lopen van de liefde, wel of geen sigaret opsteken. En of iemand nog een 
handig matlab programmaatje had. Ik had dat nooit. 
Perry, Astrid, Yoyce.Marlieke, Dick, Jullie als studenten waren stuk voor stuk 
uniek. Perry, JIJ was een student die een stage heeft gelopen van 5 jaar 
Ik heb van jou werk dan ook maar een hoofdstuk gemaakt. Astrid, jij hebt 
veel werk verricht in de opzet van de balansmethode. Liever eigenwijs dan 
helemaal geen zelfvertrouwen was jouw motto. Yoyce, jij liep al lachend en 
pratend negen maanden in mijn buurt en toch hebben jou resultaten 
geleid tot een artikel. Marlieke, wij hebben elkaar al die tijd niet begrepen, 
maar dat hoort ook bij het leven. En last but not least Dick.jij was de eerste 
student die nog eerder op het werk was dan ik. Jij hebt je vooral ingezet om 
van het balansplatform een bruikbare meetinstrument te maken voor de m 
dit proefschrift beschreven patiëntengroep. 
Ton van Dreumel, Hans de Kleijne, Ger van Lingen en Günther Windau wil 
ik graag bedanken voor hun technische ondersteuning en het vervaardigen 
van de benodigde meetapparatuur, het schrijven van software en er iedere 
keer weer voor zorgen dat ik met mijn lap-top op het net kwam. 
De mensen van SMK-research Stella Donkers, samen hebben we 
geëxperimenteerd en dat waren gezellige sessies. De data moet ik nog 
uitwerken. Robert den Otter, voor jou mijn speciale dank voor de enorme 
wetenschappelijke ondersteuning die wij elkaar de laatste tijd hebben 
gegeven zowel in het lab als tijdens congressen. Er mag wel weer een rondje 
kleintjes komen. 
Leo en Richard het is tijd voor een biertje. Ik had grote steun aan jullie 
woorden:'je moet af van het idee dat er ook maar iemand op je proefschrift 
zit te wachten'. 
Lieve Margriet; mijn vriendin en moeder van mijn dochter. 2002 was voor 
ons beiden een jaar met een grote verrassingen, namelijk de geboorte van 
onze dochter. Het leven is watje gebeurt terwijl je andere plannen maakt. 
Mede door jou en Esmée is Malden ons thuis. 
PUBLICATIONS 
JA Van der Vliet, E de Visser, FGM Buskens Changing Patterns of Portasystemic Shunt 
Surgery Eur J Surg 161 877-880,1995 
E de Visser, J Pauwels, J Duysens, Τ Mulder RPH Veth Gait Adaptations during Walking 
under Visual and Cognitive Constrains, a Study of Patients Recovering from Limb-saving 
Surgery of the Lower Limb Am J of PM & R 77(6) 503-509,1998 
E de Visser, RPH Veth, M Pruszczynski.Th Wobbes, LBA van de Putte Diffuse and 
Lokalized Pigmented Villonodular Synovitis, Evaluation of Treatment of 38 patients 
Archiv Orthop Trauma Surg 119 401-404,1999 
E de Visser, Τ Mulder, HWB Schreuder, RPH Veth, J Duysens Gait and electromyographic 
analysis of patients recovering after limb-saving surgery Clin Biomech 15(8) 592-599,2000 
E de Visser, JAEK Deckers, HWB Schreuder, RPH Veth, J Duysens, Τ Mulder Deterioration 
of Balance Control After Limb-savmg Surgery Am J PM&R 2001, 80 358-365 
E de Visser, JAEK Deckers, RPH Veth, HWB Schreuder, J Duysens Postural Control after 
Disturbance of the Upright Standing A study in patients recovering after limb-saving 
surgery Control of Posture and Gait J Duysens, BCM Smits Engelsman, Η Kingma (eds) 
708-711,2001 
EWH Bodde, E de Visser, J Duysens, EHM Hartman Cognition, vision and automatism 
of Gait A study of patients after free revasculansed fibula flap resection Control of 
Posture and Gait J Duysens, BCM Smits Engelsman, Η Kingma (eds) 708-711, 2001 
EWH Bodde, E de Visser, J Duysens, E Hartman Donor site morbidity after free vasculansed 
autogenous fibular transfer Plastic and Reconstructive Surgery 2003,111 2237-42 
E de Visser, RPH Veth, HWB Schreuder, J Duysens, Τ Mulder Reorganisation of Gait following 
limb-saving Surgery of the lower limb Am J Phys Med and Rehab 2003,82825-831 
E de Visser, RPH Veth, HWB Schreuder, Τ Mulder, J Duysens Postural Control after 
Disturbance of the Upright Standing A study in patients recovering after limb-saving 
surgery Clinical Biomechanics (submitted) 
E de Visser, RPH Veth, HWB Schreuder, J Duysens Modified proprioception leads to altered 
phase-transitions during walking Clinical Neurophysiology (submitted) 
PEM Jasper, E de Visser, RPH Veth, HWB Schreuder, J Duysens Stepping kinematics and 
strategies in patients after limb-saving surgery (submitted) 
P U B L I C A T I O N S I N C O N F E R E N C E P R O C E E D I N G S 
E de Visser, J Duysens, RPH Veth, J de Witte, Τ Mulder Re-Automatisatie van Lopen na 
Extremiteiten Sparende Chirurgie Tiende Symposium Experimenteel Onderzoek 
Heelkundige Specialismen Maastricht, 14 november, ρ 89,1997 
E de Visser, J Pauwels, J Duysens, Τ Mulder, RPH Veth Quantitative and Qualitative Gait 
Analysis of the Lower Limb after LSS Ninth Symposium of the International Society Of 
Limb Salvage New York, New York 10-12 September, ρ ιοο, 1997 
E de Visser, J Duysens, Τ Mulder, RPH Veth Gait Improvements After Limb-saving 
Surgery of the Lower Limb Fourth Meeting of the Combined Musculoskeletal Tumor 
Societies Washinton DC, 6-10 May, ρ 99,1998 
E de Visser, J de Witte, J Duysens, Τ Mulder, RPH Veth Gait Rehabiliation in Patients with 
Distal Femoral Knee Prosthesis Fourth Meeting of the Combined Musculoskeletal 
Tumor Societies Washington DC, 6-10 May, ρ 185,1998 
E de Visser, J Duysens, Τ Mulder, RPH Veth Long-term and Short-term Evaluation of Gait 
after Limb-saving Surgery Third Combined Meeting of the Orthopeadic Research 
Societies Hamamatsu, Japan, 28-30 September 1999, ρ 282,1998 
E de Visser, J Duysens, Τ Mulder, RPH Veth Reautomatisatie van loopfunctie na extremi­
teiten sparende chirurgie NTVG 1999 
E de Visser, J Duysens, Τ Mulder, RPH Veth Re-automatisation of gait after limb-saving 
surgery Acta Orthop Scan 1999 
E de Visser, J de Witte, J Duysens, Τ Mulder, RPH Veth Gait Rehabiliation by Functional 
Gait Exercize in Patients with a Distal Femoral Knee Prosthesis Tenth Symposium of the 
International Society of Limb Salvage Cairns, Australia, 11-14 April 1999 ρ 73 
E de Visser, J Duysens, Τ Mulder, HWB Schreuder, RPH Veth Long-term and Short-term 
Evaluation of Gait after Limb-saving Surgery Tenth Symposium of the International 
Society of Limb Salvage Cairns, Australia, 11-14 a P n l 1999 Ρ 58-59 
AD Bakker, E de Visser, J Duysens, Τ Mulder, RPH Veth Balance Disturbance as a 
Functional Assessment in patients with LSS of the Lower Limb Tenth Symposium of the 
International Society of Limb Salvage Cairns, Australia, 11-14 a p n ' 1999 Ρ 73-74 
E de Visser, J Duysens, Τ Mulder, HWB Schreuder, RPH Veth Short-term Evaluation of 
Gait in Patients after Limb-saving surgery (LSS) Eur J of Cancer 35 S273,1999 
J Duysens, E de Visser, Τ Mulder, RPH Veth Stiffknee Gait as an Aspecific Adapation to 
avoid Unloading Reflexes of a Leg Proceedings of the International Symposium of Gait 
Disorders Prague, Czech Republic, September 4-6,1999 
J Duysens, E de Visser, Τ Mulder, RPH Veth How specific is stiffknee gait after limb-
saving surgery Proceedings of the iseme reunion du'Club Locomotion en Motricité 
Rythmique, Approches Multidisciplinares' Liege, Belgium, Octobre 7-8,1999 
J Deckers, E de Visser, RPH Veth, Τ Mulder, J Duysens Balance Control after Limb-saving 
Surgery for Malignant Bone and Soft Tissue Tumors in the Lower Limb Symposium 
Nederlandse Vereniging van Bewegingswetenschappen , Groningen, Nederland, 18 juni, 
1999 
E de Visser, PH Rutgers, JWC Gratema, HL Moller Wordt Dynamo Kampioen ondanks de 
Forel Embolie Chirurgen Dagen 2001 Samenvattingen ρ 240 
E de Visser, PH Rutgers, JWC Gratema, HL Moller Wordt Piet Zoomers-D Kampioen 
ondanks de Forel Embolie Memorad, 2001, Jaargang 6, nr 3, ρ 37 
E de Visser, RPH Veth, HWB Schreuder, J Duysens, Τ Mulder Control of limping gait in 
patients after limb-saving surgery 3rd World Congress in Neurological rehabilitation 
Venice, Italy 2 6 April, 2002, ρ 504 
CURRICULUM ViTAE 
Enrico de Visser werd op 4 juni 1970 geboren in Linz (Oostenrijk). 
De middelbare school periode werd afsloten met een VWO diploma in 1989. 
In dit jaar werd ook begonnen met de studie geneeskunde aan de 
Katholieke Universiteit te Nijmegen. Het arts examen werd m oktober 1996 
behaald. In 1997 begon hij als junior-onderzoeker op de afdeling Orthopedie 
en Medische Fysica. In 1998 werd hij AGIKO op dezelfde afdelingen. 
Van februari 2000 tot februari 2002 werd de vooropleiding heelkunde 
volbracht in het AMC Gelre te Apeldoorn onder leiding van Dr. W.H Bouma 
De resterende periode van 2002 was hij wederom AGIKO op de afdeling 
Orthopedie en Medische Fysica van de Katholieke Universiteit te Nijmegen. 
Sinds 1 januari 2003 is de schrijver dezes aangevangen met de opleiding tot 
orthopedisch chirurg onder leidingvan Prof. dr R. P. H.Veth en de regionale 
opleiders dr. A. B.Wymenga en dr.W.J. Rijnberg. De auteur van dit proefschrift 
is samenwonend met Margriet de Jong. Zij hebben een dochter, Esmée. 

STELLINGEN BEHOREND BY HET PROEFSCHRIFT 
P O S T U R E A N D G A I T A F T E R L I M B - S A V I N G S U R G E R Y 
ι Patienten na extremiteit sparende chirurgie hebben tijdens het lopen 
behoefte aan stabiliteit (dit proefschrift) 
2 Het niet aangedane been staat in dienst van het aangedane been 
(dit proefschrift) 
3 Het staan en lopen van patiënten na extremiteit sparende chirurgie wordt 
beïnvloed door het uitvoeren van een simpele aandacht vragende taak 
(dit proefschrift) 
4 Toename van behoefte aan visuele sturing van het staan en lopen is het 
gevolg van extremiteit sparende chirurgie (dit proefschrift) 
5 Ingewikkelde motorische vaardigheden zijn moeilijker uitvoerbaar na 
extremiteit sparende chirurgie (dit proefschrift) 
6 Patienten hebben niet zozeer moeite met het corrigeren van onverwachte 
balans verstoringen, echter de hersteltijd duurt langer (dit proefschrift) 
7 Strategieën die patiënten gebruiken om over een obstakel te stappen worden 
gedeeltelijk bepaald door de beperking als gevolg van chirurgie (dit proefschrift) 
8 The same pair of legs with different heads, gives different results 
(Levi Leipheimer) 
9 Toekomstvoorspellingen, hebben eenzelfde kenmerk ze trekken de lijnen 
door van wat een samenleving op dat moment als meest modern ziet 
De voorspelde toekomst kent geen onverwachte breuk, geen fantasie 
(Geert Mak, uit de eeuw van mijn vader) 
io 'evidence based medicine' kan creativiteit ontmoedigen 
(Murk Janssen Lezing 2001, A C M Koot) 
11 Het missen van heupdysplasie bij je eigen kind is het toppunt van werk 
en prive gescheiden houden 
12 Verbeelding is niets anders dan de vrucht van ons geheugen 
(Pierre Bonnard) 
13 Ludieke stellingen leiden de aandacht van het proefschrift af 
(prof dr ir H van Dam, Delta, 18 november 1999) 
14 Als je denkt kun je belangrijke beslissingen nemen 
(Winnie de Poeh, Uit het kleine boek der wijsheid) 
15 Binnen de orthopedische chirurgie is kennis van beperkingen van de 
behandeling de wijsheid, vast is vast de kracht, het streven naar pijnloze 
onafhankelijke mobil iteit voor iedere patient de schoonheid 
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